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(©  Analog  carburetor. 

A  fuel-air  metering  system  functioning  according  to 
precise  flow  and  geometrical  equations.  An  air  throttle  valve 
(42)  and  fuel  valve  (80)  are  positively  linked  with  the  flow 
crossectional  area  of  each  valve  proportional  to  that  of  the 
other.  Fuel  pressure  drop  across  the  fuel  valve  is  regulated  in 
precise  proportion  to  the  pressure  drop  across  the  upstream 
orifice  of  a  two  orifice  in  series  (48,50)  air  flow  system  which 
bypasses  the  air throttle  (42).  Careful  shaping  (142  143)  of the 
air  throttle  (42),  the  bypass  system  orifices  (48,50)  the  fuel 
valve  (80)  passage  geometry,  and  the  servo  valve  fuel 
regulation  system  (91,95,99,66,68,70)  results  in  an  accurate 
proportioning  of  fuel  flow  to  air  flow. 





I t   is  t he   p u r p o s e   of  t he   p r e s e n t   i n v e n t i o n   to  p r o d u c e  

an  i n t r i n s i c a l l y   a c c u r a t e   and  i n e x p e n s i v e   f u e l - a i r   m e t e r i n g  

d e v i c e   f o r   i n t e r n a l   c o m b u s t i o n   e n g i n e s .   The  n e c e s s i t y   f o r  

a c c u r a t e   f u e l - a i r   m e t e r i n g   to  I.   C.  e n g i n e s   is   w e l l   u n d e r s t o o d  

by  t h o s e   s k i l l e d   in  t he   a r t .   As  p r e s s u r e s   to  i m p r o v e   e n g i n e  

e f f i c i e n c y   i n c r e a s e   and  p a r t i c u l a r l y   as  p r e s s u r e s   to  r e d u c e  

e x h a u s t   e m i s s i o n s   become  more  i n t e n s e ,   the   r e q u i r e m e n t s   f o r  

m e t e r i n g   s y s t e m s   have   become  more  s t r i n g e n t .   At  p r e s e n t ,  

t h e s e   s t r i n g e n t   r e q u i r e m e n t s   a r e   f o r c i n g   f u e l - a i r   m e t e r i n g  

s y s t e m s   to  become  more  and  more  e x p e n s i v e ,   and  a r e   a l s o   i n -  

v o l v i n g   i n c r e a s e d   m a i n t e n a n c e   p r o b l e m s .   I t   is   e x t r e m e l y   d i f f i -  

c u l t   to  r e p r o d u c i b l y   p r o g r a m   c a r b u r e t o r s   w i t h   the   a c c u r a c y   r e -  

q u i r e d ,   and  c a r b u r e t o r s   a l s o   have   p r o b l e m s   w i t h   l a g s   and  w i t h  

p u l s a t i n g   f u e l   f l o w s   due  to  a i r   b l e e d s .   F u e l   i n j e c t i o n   s y s -  
tems  of  one  s o r t   or  a n o t h e r   a r e   r e p l a c i n g   c a r b u r e t o r s   in  m a n y  

a p p l i c a t i o n s ,   bu t   t h e s e   u n i t s   t e n d   to  be  e x p e n s i v e .   One  v i r t u e  

of  f u e l   i n j e c t i o n   s y s t e m s   is  i m p r o v e d   d i s t r i b u t i o n   of  f u e l  

f rom  c y l i n d e r   to  c y l i n d e r .   H o w e v e r ,   one  of  the   i n v e n t o r s   h a s ,  

w i t h   h i s   c o l l e a g u e s   K e n n e t h   K r i e s e l   and  C h a r l e s  S i e w e r t ,   i n -  

v e n t e d   a  m i x i n g   v o r t e x   s y s t e m   w i t h   e s s e n t i a l l y   p e r f e c t   c y l i n -  

der   to  c y l i n d e r   d i s t r i b u t i o n .   T h i s   m i x e r   e l i m i n a t e s   t he   d i s -  

t r i b u t i o n   a d v a n t a g e   of  m u l t i p l e   f u e l   p o i n t   i n t r o d u c t i o n .   T h e  

p r e s e n t   i n v e n t i o n   was  w o r k e d   ou t   to  r e p l a c e   a  c o n v e n t i o n a l  

c a r b u r e t o r   u p s t r e a m   of  t h i s   v o r t e x   m i x i n g   d e v i c e ,   and  is   d e -  

s i g n e d   f rom  the   f i r s t   p r i n c i p l e s   of  t he   f l u i d   d y n a m i c s   g o v e r n -  

ing  the   f u e l   and  a i r   f low  to  p r o d u c e   a c c u r a t e   and  p r o g r a m m a b l e  

f u e l - a i r   m e t e r i n g   in  an  i n e x p e n s i v e   w a y .  

An  i m p o r t a n t   o b j e c t i v e   of  t he   i n v e n t o r s   was  to  work  o u t  

a  d e s i g n   wh ich   c o u l d   be  made  to  f u n c t i o n   p r e c i s e l y ,   and  w i t h  

the   f u n c t i o n   of  the   s y s t e m   in  v e r y   c l o s e   a g r e e m e n t   w i t h   p r e c i s e  

m a t h e m a t i c a l   f o r m u l a s .   A  s y s t e m   w h i c h   can  be  m o d e l l e d   p r e -  

c i s e l y   by  s t r a i g h t f o r w a r d   m a t h e m a t i c a l   f o r m u l a s   has  s i g n i f i c a n t  

p r a c t i c a l   a d v a n t a g e s ,   in  t h a t   i t   r e q u i r e s   l e s s   d e v e l o p m e n t ,  

p e r m i t s   r a t i o n a l   d e s i g n   c h a n g e s   in  t he   s y s t e m   to  be  made,   a n d  

p e r m i t s   the   s y s t e m   to  be  s t r a i g h t f o r w a r d l y   p r o g r a m m e d  



a c c o r d i n g   to   s p e c i f i e d   r e q u i r e m e n t s .  

I t   is   i m p o r t a n t   to  e m p h a s i z e   t h a t   a l l   f u e l - a i r   m e t e r i n g  

s y s t e m s   mus t   f u n c t i o n   on  the   b a s i s   of  t h e   f u n d a m e n t a l   l aws   o f  
f l u i d   m e c h a n i c s .   As  a  min imum,   any  f u e l - a i r   m e t e r i n g   d e v i c e  
w h i c h   is   n o t   a  p o s i t i v e   d i s p l a c e m e n t   d e v i c e   w i l l   have   f u e l  

g o v e r n e d   by  t he   i n c o m p r e s s i b l e   f l o w   e q u a t i o n   ( B e r n o u l l i ' s   e q u a -  
t i o n )   and  w i l l   h a v e   the   a i r   f l o w   g o v e r n e d   by  t h e   c o m p r e s s i b l e  
f l o w   e q u a t i o n .   T h e s e   e q u a t i o n s   a r e   e x a c t   in  t h e   same  p h y s i c a l  

s e n s e   t h a t   t he   b a s i c   e q u a t i o n s   of  N e w t o n i a n   p h y s i c s   a r e   e x a c t ,  
and  in  t he   same  s e n s e   t h a t   t he   t a b u l a t e d . t h e r m o d y n a m i c   f u n c -  

t i o n s   ( f o r   i n s t a n c e ,   e n t r o p y ,   e n t h a l p y ,   and  i n t e r n a l   e n e r g y )  

a r e   e x a c t   f u n c t i o n s .   In  r e a l   s y s t e m s ,   t he   m a t h e m a t i c a l   e q u a -  
t i o n s   g o v e r n i n g   a  p h y s i c a l   e v e n t   a r e   n e v e r   t r u e   to  p e r f e c t  

e x a c t n e s s   b e c a u s e   of  u n a v o i d a b l e   e r r o r s   in  s h a p e   or  m e a s u r e m e n t ,  
and  b e c a u s e   of  p h y s i c a l   e f f e c t s   h i c h   c o m p l i c a t e   t he   e q u a t i o n s  

e x c e s s i v e l y .   W i t h   t h e   f l ow  p a s s a g e   s h a p e s   t y p i c a l l y   u s e d   i n  

p r i o r   a r t   c a r b u r e t o r s   t he   f l ow  b e h a v i o r   of  t h e   p a s s a g e s   g e n -  

e r a l l y   d i f f e r s   by  so  much  f rom  t he   b a s i c   f l o w   e q u a t i o n s   t h a t  

t h e   b a s i c   e q u a t i o n s   have   had  l i m i t e d   p r a c t i c a l   v a l u e .   C o n -  

s e q u e n t l y   c a r b u r e t o r   and  o t h e r   f u e l - a i r   m e t e r i n g   d e v i c e s   h a v e  

e v o l v e d   on  an  e m p i r i c a l   b a s i s .   H o w e v e r ,   t h e r e   a r e   f l o w   p a s -  

s a g e   s h a p e s   w h i c h   do  in  f a c t   f o l l o w   s i m p l e   m a t h e m a t i c a l   f l o w  

r e l a t i o n s   w i t h   e x c e l l e n t   a c c u r a c y ;   i f   p r o p e r   c a r e   is   g i v e n   t o  

g e o m e t r i c a l   s h a p e s   t h e   d i f f e r e n c e   b e t w e e n   m a t h e m a t i c a l l y   p r e -  
d i c t e d   f l o w   and  r e a l   f l ow  may  be  t o o   s m a l l   to   e a s i l y   m e a s u r e .  

The  d e t a i l s   w h i c h   m u s t   be  t e n d e d   to   to   p r o d u c e   t h i s   c l o s e  

c o r r e s p o n d e n c e   b e t w e e n   t h e o r y   and  r e a l i t y   a r e   s o m e w h a t   c o m p l i -  

c a t e d ,   and  e x p l a n a t i o n   of  t h e s e   d e t a i l s   f o rm  a  s i g n i f i c a n t  

p a r t   of   t h i s   a p p l i c a t i o n .  

One  of  t h e   v e r y   i m p o r t a n t   o b j e c t i v e s   in  d e s i g n i n g   t h e  

p r e s e n t   i n v e n t i o n   f u e l - a i r   m e t e r i n g   s y s t e m   was  to  p r o d u c e  

s t r u c t u r e s   w h e r e   t h e   e r r o r s   in  t h e   f l o w   e q u a t i o n s   were   e x t r e -  

m e l y   s m a l l   and  e x a c t l y   c a l c u l a b l e ,   so  t h a t   t h e   s y s t e m   w o u l d  

o b e y   t h e   f l o w   e q u a t i o n s   to  an  e x t r e m e l y   good  l e v e l   of  a p p r o x -  
i m a t i o n .   B y  t a k i n g   p a i n s   w i t h   t h e   s t r u c t u r e s   to   see   t h a t   t h e  

f l u i d   m e c h a n i c a l   e q u a t i o n s   a r e   in   f a c t   met   to   e x c e l l e n t   a p p r o x -  
i m a t i o n ,   i t   i s   p o s s i b l e   to  have   a  s y s t e m   w h i c h   can  be  p r e d i c t e d  
and  d e s i g n e d   r e l i a b l y   on  t h e   b a s i s   of  p r e c i s e   and  s t r a i g h t f o r -  
w a r d   m a t h e m a t i c s .   The  p r e s e n t   i n v e n t i o n   m e t e r i n g   s y s t e m  



i n v o l v e s   o n l y   t h e   c o m p r e s s i b l e   f low  e q u a t i o n   f o r   a i r   f l o w s ,  

t h e   i n c o m p r e s s i b l e   f l o w   e q u a t i o n   g o v e r n i n g   t h e   f u e l   f l o w ,   a n d  

s i m p l e   g e o m e t r y .   I t   i s   t h e r e f o r e   a  f u n d a m e n t a l l y   s i m p l e r   s y s -  

tem  t h a n   t h a t   i n v o l v e d   w i t h   i n j e c t i o n   s y s t e m s   u s i n g   s o l e n o i d  

v a l v e s ,   and  a l s o   a  much  s i m p l e r   s y s t e m   t h a n   c o n v e n t i o n a l   c a r -  

b u r e t o r s   wh ich   have   a  m u l t i p l i c i t y   of   i n t e r l o c k i n g   a i r - f u e l  

c o n t r o l   s y s t e m s   w h i c h   i n t e r a c t   in  c o m p l e x   and  a n a l y t i c a l l y   i n -  

t r a c t a b l e   w a y s .  

In  a d d i t i o n   to  t he   more  m a t h e m a t i c a l   a s p e c t s   of  t he   m e -  

t e r i n g   s y s t e m   d e s i g n ,   t h e   i n v e n t o r s   h a v e   c o n s i d e r e d   a  n u m b e r  

of  p r a c t i c a l   e c o n o m i c   and  s t r u c t u r a l   i s s u e s .   For   e x a m p l e ,   t h e  

s y s t e m   i s   d e s i g n e d   to  be  c o m p a t i b l e   w i t h   i n e x p e n s i v e   low  p r e s -  

s u r e   d i a p h r a g m   f u e l   p u m p s ,   a l t h o u g h   i t   i s   a l s o   c o m p a t i b l e   w i t h  

h i g h e r   f u e l   p r e s s u r e   s y s t e m s .   Any  s y s t e m   d e s i g n e d   to  m e t e r   t o  

h i g h   a c c u r a c y   mus t   have   p a r t s   b u i l t   to  a  s i m i l a r l y   h i g h   l e v e l  

of  a c c u r a c y ,   b u t   t h e   i n v e n t o r s   have  t a k e n   p a i n s   to  make  s u r e  

t h a t   t h e   p a r t s   of  t h e   s y s t e m   wh ich   m u s t   be  made  to  c l o s e   t o l -  

e r a n c e s   can  be  made  so  by  s i m p l e   m a n u f a c t u r i n g   t e c h n i q u e s .   I n  

a d d i t i o n ,   i s s u e s   of  d u r a b i l i t y   as  w e l l   as  d y n a m i c   r e s p o n s e   h a v e  

b e e n   c o n s i d e r e d .  

A n o t h e r   i s s u e   of  i m p o r t a n c e   i s   t h e   f l e x i b i l i t y   of  t h e  

s y s t e m   w i t h   r e s p e c t   to  d i f f e r e n t   c o n t r o l   s t r a t e g i e s .   The  p r e -  
s e n t   i n v e n t i o n   i s   a d a p t e d   to  e a s i l y   c o n n e c t   w i t h   e i t h e r   c o n v e n -  

t i o n a l   c o n t r o l   v i a   d i a p h r a g m s   or  w i t h   e l e c t r o n i c   a i r / f u e l   r a t i o  

c o n t r o l s   of  one  s o r t   or  a n o t h e r .   The  i n t e r a c t i o n   of  the   m e t e r -  

ing   s y s t e m   w i t h   i t s   c o n t r o l   s y s t e m   is   in  e a c h   c a s e   a n a l y t i c a l l y  

c l e a r   and  s t r a i g h t f o r w a r d .   In  a d d i t i o n ,   t h e   p a r t s   i n v o l v e d   i n  

t h e   c o n t r o l   s y s t e m   can  be  made  w i t h   r e l a t i v e l y   l a r g e   a b s o l u t e  

d i m e n s i o n s ,   so  t h a t   t h e y   can  be  made  to  h i g h   r e l a t i v e   a c c u r -  

a c i e s .  

I t   i s   t he   p u r p o s e   of  t h i s   d i s c l o s u r e   to  t e a c h   one  o f  

o r d i n a r y   s k i l l   in  a u t o m o t i v e   e n g i n e e r i n g   to   make  and  use  t h e  

c u r r e n t   i n v e n t i o n   f u e l - a i r   m e t e r i n g   s y s t e m .   Wi th   t h i s   end  i n  

m i n d ,   t he   m a t h e m a t i c a l   r e l a t i o n s   i n v o l v e d   in  t h e   m e t e r i n g   s y s -  
tem  have   been   s e t   ou t   f o r m a l l y   and  in  c o n s i d e r a b l e   d e t a i l .  

M o r e o v e r ,   s p e c i f i c   d e s i g n   i s s u e s   r e l e v a n t   to  t h e   a c c u r a c y   o f  

t he   f u e l - a i r   m e t e r i n g   s y s t e m   in  p r a c t i c e   a r e   a d d r e s s e d .  



The  a f o r e d e s c r i b e d   o b j e c t s   and  a d v a n t a g e s   w i l l   b e c o m e  

more   a p p a r e n t   when  t a k e n   in  c o n j u n c t i o n   w i t h   t h e   f o l l o w i n g   d e -  

t a i l e d   d e s c r i p t i o n   and  d r a w i n g s   i l l u s t r a t i n g   by  way  of  e x a m p l e  

p r e f e r r e d   e m b o d i m e n t s   of   t h i s   i n v e n t i o n .  



IN  THE  DRAWINGS 

F i g u r e   1  shows  an  a i r   f low  p a s s a g e   w i t h   a  s p e c i a l l y   a -  

d a p t e d   b u t t e r f l y   v a l v e   and  w i t h   a  two  o r i f i c e   in  s e r i e s   a i r  

f l o w   b y p a s s   s y s t e m   w h i c h   g e n e r a t e s   t he   s i g n a l   f o r   c o n t r o l l i n g  

f u e l   p r e s s u r e   d r o p   a c r o s s   a  f u e l   c o n t r o l   v a l v e .  

F i g u r e   2  shows  t h e   f u e l   f low  c o n t r o l   a r r a n g e m e n t ,   i n -  

c l u d i n g   a  f u e l   f l o w   c o n t r o l   v a l v e   l i n k e d   d i r e c t l y   to  t h e   b u t -  

t e r f l y   v a l v e   t h r o t t l e   s h a f t   and  a  r e g u l a t i o n   a r r a n g e m e n t   w h i c h  

s e t s   t h e   p r e s s u r e   d r o p   a c r o s s   t h i s   v a r i a b l e   o r i f i c e   in  p r o p o r -  
t i o n   to  t he   p r e s s u r e   d r o p   a c r o s s   t he   u p s t r e a m   o r i f i c e   of  t h e  

two  o r i f i c e   in  s e r i e s   b y p a s s   s y s t e m   shown  in  F i g u r e   1 .  

F i g u r e   3  shows  a  f u e l   a i r   m e t e r i n g   s y s t e m   w i t h   s e v e r a l  

of  t he   f l u i d   m e c h a n i c a l   d e t a i l s   more  c l e a r l y   shown .   F i g u r e   3 

i s   p a r t l y   s c h e m a t i c ,   and  shows  the   f u e l   c o n t r o l   v a l v e   and  a i r  

t h r o t t l e   in  d i f f e r e n t   p l a c e s ,   a l t h o u g h   b o t h   of  t h e s e   v a l v e s  

a r e   on  t h e   same  s h a f t   in  t h e   p r e f e r r e d   fo rm  of  t h e   i n v e n t i o n .  

F i g u r e   3  p a r t i c u l a r l y   shows  the   s h a p e   of  t h e   a i r   t h r o t t l e   a n d  

d e t a i l s   of  t he   d e s i g n   of  t he   p r e s s u r e   r e g u l a t i o n   s y s t e m .  

F i g u r e   4  shows  a  two  o r i f i c e   in  s e r i e s   f l o w   s y s t e m   i n  

one  of  t h e   p r e f e r r e d   f o r m s   of  the   i n v e n t i o n ,   i l l u s t r a t i n g   p a r -  

t i c u l a r l y   o r i f i c e   s h a p e s   h a v i n g   c o e f f i c i e n t s   of  d i s c h a r g e   w h i c h  

a r e   i n s e n s i t i v e   to  e i t h e r   R e y n o l d ' s   Number  or  Mach  Number  i n  

t h e   o p e r a t i n g   r a n g e   of  t h e   s y s t e m .  

F i g u r e   5  i s   a  c r o s s - s e c t i o n   of  t h e   f u e l   f l o w   c o n t r o l  

v a l v e   w h i c h   i s   l i n k e d   d i r e c t l y   to  the   a i r   t h r o t t l e ,   s h o w i n g  

d e t a i l s   i m p o r t a n t   in  p r o d u c i n g   a  v a l v e   w h i c h   o b e y s   the   p r o p e r  

g e o m e t r i c a l   e q u a t i o n s   and  e x h i b i t s   i n s e n s i t i v i t y   of  c o e f f i c i e n t  

of  d i s c h a r g e   to  R e y n o l d ' s   N u m b e r .  

F i g u r e   5A  is   a  s e c t i o n a l   v iew  t a k e n   on  l i n e   AA  of  F i g u r e  

5,  s h o w i n g   t he   u p s t r e a m   or   c o n v e r g e n t   p o r t i o n   of  t he   v a l v e   o f  

F i g u r e   5 .  

F i g u r e   5B  is   a  s e c t i o n a l   v iew  t a k e n   a l o n g   l i n e   BB  o f  

F i g u r e   5,  s h o w i n g   t h e   s h a p e   of  the   o u t l e t   of  t h e   v a l v e   p r o d u c -  

ing   v e r y   s u d d e n   e x p a n s i o n s   f o r   minimum  p r e s s u r e   r e c o v e r y   a n d  

minimum  R e y n o l d ' s   Number   s e n s i t i v i t y   of  t he   v a l v e .   With  t h e  

m i n i m i z e d   p r e s s u r e   r e c o v e r y   d o w n s t r e a m   of  t h e   v a l v e ,   the   f l o w  

in  t he   d o w n s t r e a m   p a s s a g e s   i s   n e a r l y   e q u a l   to  t h e   vena  c o n -  

t r a c t a   s t a t i c   p r e s s u r e   d o w n s t r e a m   the   v a r i a b l e   o r i f i c e   of  F i -  

g u r e   5 .  



F i g u r e   6  i s   a  v i ew  of  t h e   d o w n s t r e a m   s i d e   of  t h e   t h r o t -  

t l e   p l a t e   of  F i g u r e   3,  s h o w i n g   a  n o t c h e d   s e c t i o n   f o r   t h e   i d l e  

a i r   f l o w   of  t h e   s y s t e m .  

F i g u r e   7  i s   a  p l a n   v i ew   of   t h e   p a s s a g e   shown  a t   111  a n d  

112  of   F i g u r e   3,  s h o w i n g   how  t h e   a x i a l   d i s t r i b u t i o n   of   f u e l  

i n t o   t h e   h i g h   s p e e d   a i r   s t r e a m   i s   a c h i e v e d ,   and  how  t h i s   d i s -  

t r i b u t i o n   v a r i e s   as  t h e   t h r o t t l e   o p e n s .  

F i g u r e   8  i s   a n a l o g o u s   to  F i g u r e   4  and  shows  an  u p s t r e a m  

o r i f i c e   a r r a n g e m e n t   w h e r e   a p p r o x i m a t e l y   50  p e r c e n t   p r e s s u r e  

r e c o v e r y   i s   o b t a i n e d   d o w n s t r e a m   of   t h e   u p s t r e a m   o r i f i c e .   By  

m a k i n g   t h e   d i a p h r a g m   Δ ρ   e q u a l   to   t h e   m a x i m u m  Δ ρ   of   t h i s  

o r i f i c e   c o m p r e s s i b i l i t y   e f f e c t s   w h i c h   w o u l d   o t h e r w i s e   s l i g h t l y  

d e g r a d e   t h e   a c c u r a c y   of   t h e   m e t e r i n g   s y s t e m   can  be  a v o i d e d .  

F i g u r e   9  shows   i m p o r t a n t   c o m p r e s s i b l e   f l o w   r e l a t i o n s ,  

p l o t t i n g   p a r t i c u l a r l y   b o t h   t h e   Ma Mac  r a t i o   w h i c h   shows  t h e  

f r a c t i o n   of   s o n i c   mass   f l o w   o c c u r i n g   a t   a  s p e c i f i c   p r e s s u r e  

d r o p ,   and  a l s o   s h o w i n g   t h e   c o m p r e s s i b i l i t y   f u n c t i o n   φ 2  .   F i g -  

u r e   9  i s   c o p i e d   f r o m   Page  197  of   The  I n t e r n a l   C o m b u s t i o n   E n g i n e  

in  T h e o r y   and  P r a c t i c e ,   V o l .   2  by  C h a r l e s   F a y e t t e   T a y l o r ,   MIT 

P r e s s ,   c o p y r i g h t   1 9 6 8 .  



DETAILED  DESCRIPTION 

In  t he   p r e s e n t   m e t e r i n g   s y s t e m ,   t he   e x a c t   p r o p o r t i o n i n g  

of  f u e l   to  a i r   i s   o b t a i n e d   by  a c h i e v i n g   two  c o n d i t i o n s :  

1.  The  m e t e r i n g   s y s t e m   a i r   c o n t r o l   v a l v e   ( t h r o t t l e )   a n d  

t h e   f u e l   c o n t r o l   v a l v e   a r e   on  t h e   same  t h r o t t l e  

s h a f t   (or  a r e   o t h e r w i s e   p o s i t i v e l y   l i n k e d )   and  a r e  

a r r a n g e d   so  t h a t   t h e   e f f e c t i v e   f l o w   a r e a s   of  t h e  

a i r   v a l v e   and  t h e   f u e l   v a l v e   s t a y   in  a  f i x e d   p r o p o r -  
t i o n   as  b o t h   v a l v e s   open   and  c l o s e   t o g e t h e r .  

2.  The  f u e l   f l o w   p e r   u n i t   e f f e c t i v e   f u e l   v a l v e   a r e a   i s  

m a i n t a i n e d   in  f i x e d   p r o p o r t i o n   to  t he   a i r   f l o w   p e r  
u n i t   e f f e c t i v e   a i r   t h r o t t l e   a r e a .   T h i s   r e q u i r e s  

t h a t   t h e   p r e s s u r e   d r o p   a c r o s s   t he   f u e l   v a l v e   be  c o n -  

t r o l l e d   to  v a r y   in  e x a c t   p r o p o r t i o n   w i t h   t h e   s q u a r e  
of  t he   mass   f l o w   of  a i r   p e r   u n i t   a r e a   p a s t   t he   a i r  

t h r o t t l e   v a l v e .   T h i s   p r e s s u r e   r e g u l a t i o n   is   a c h i e v -  

ed  by  a  v a r i a b l e   r e s t r i c t i o n   s e r v o - v a l v e   w h i c h   c o n -  
t r o l s   t he   p r e s s u r e   d r o p   a c r o s s   t h e   l i n k e d   f u e l   v a l v e  

in  p r o p o r t i o n   to  t h e   p r e s s u r e   d r o p   a c r o s s   t he   u p -  

s t r e a m   o r i f i c e   of  a  two  o r i f i c e   in  s e r i e s   a i r   f l o w  

b y p a s s   s y t e m .  

F i g u r e s   1  and  2  show  t h e   a i r   c i r c u i t   and  f u e l   c i r c u i t   o f  

t h e   m e t e r i n g   s y s t e m   in  s c h e m a t i c   f o r m .  

R e f e r r i n g   to  F i g u r e   1,  a  t h r o t t l e   p l a t e  1  p i v o t s   on  s h a f t  

12  in  an  a i r   f l o w   p a s s a g e   3.  T h r o t t l e   p l a t e   1  is   s p e c i a l l y  

s h a p e d   w i t h   s m o o t h l y   c o n v e r g e n t   s u r f a c e s   and  w i t h   a  v o r t e x   s t a -  

b i l i z i n g   c o n t o u r   on  t h e   u p w a r d l y   p i v o t e d   s i d e .   T h i s   a e r o d y -  

n a m i c   s h a p i n g   of  t h e   t h r o t t l e   v a l v e   i s   r e q u i r e d   to  a c h i e v e   a n  

a i r   t h r o t t l e   h a v i n g   a  c o e f f i c i e n t   of  d i s c h a r g e   a t   e a c h   o p e n i n g  

p o s i t i o n   w h i c h   i s   r e l a t i v e l y   i n s e n s i t i v e   to  v a r i a t i o n s   in  M a c h  

Number  and  R e y n o l d s   Number  w h i c h   o c c u r   due  to  v a r i a t i o n s   i n  

t h e   p r e s s u r e   d rop   a c r o s s   t h e   t h r o t t l e .   T h i s   s h a p i n g   is   i m p o r -  

t a n t :   C o n v e n t i o n a l   t h r o t t l e   p l a t e s   e x h i b i t   v a r i a t i o n s   in  c o e f -  

f i c i e n t   of  d i s c h a r g e   of  as  much  as  30  p e r c e n t ,   and  t h i s   v a r i -  

a t i o n   in  c o e f f i c i e n t   of  d i s c h a r g e   is   q u i t e   u n a c c e p t a b l e   in  t h e  

c u r r e n t   m e t e r i n g   s y s t e m .  

A  s m a l l   f r a c t i o n   of  t h e   a i r   f low  p a s t   the   c a r b u r e t o r  

p a s s e s   t h r o u g h   an  a i r   f l o w   b y p a s s   s y s t e m   w h i c h   g e n e r a t e s   a 

p r e s s u r e   d i f f e r e n t i a l   u s e d   to  c o n t r o l   t he   f u e l   p r e s s u r e   d i f -  



f e r e n t i a l   a c r o s s   t h e   f u e l   v a l v e .   I n t a k e   a i r   p a s s e s   i n t o   o p e n -  

i ng   4  a t   a p p r o x i m a t e l y   s t a g n a t i o n   p r e s s u r e   w i t h   r e s p e c t   t o  

t h r o t t l e   1  and   t h i s   f l o w   i s   s u c k e d   p a s t   a  f i x e d   o r i f i c e   5  w h i c h  

d i s c h a r g e s   i n t o   a  r e l a t i v e l y   o p e n   p a s s a g e   6.  A i r   f rom  p a s s a g e  
6  i s   s u c k e d   p a s t   f i x e d   o r i f i c e   7  i n t o   p a s s a g e   8.  P a s s a g e   8  i s  

l o c a t e d   in  a  p o s i t i o n   w h e r e   i t   i s   in  c o n t a c t   w i t h   a  p r e s s u r e  
w h i c h   a p p r o x i m a t e s   t h e   v e n a   c o n t r a c t a   s t a t i c   p r e s s u r e   d o w n -  

s t r e a m   of   t h r o t t l e   1.  O r i f i c e   7  i s   s i g n i f i c a n t l y   s m a l l e r   t h a n  

o r i f i c e   5.  The  p r e s s u r e   d r o p   a c r o s s   o r i f i c e   5  i s   s m a l l ,   s o  

t h a t   a i r   f l o w i n g   p a s t   o r i f i c e   5  a c t s   as  an  a p p r o x i m a t e l y   i n -  

c o m p r e s s i b l e   f l u i d ,   in  good  a n a l o g y   w i t h   t h e   i n c o m p r e s s i b l e  

l i q u i d   f u e l .   S i n c e   t he   p r e s s u r e   d r o p   a c r o s s   o r i f i c e   5  i s   s m a l l ,  

t he   p r e s s u r e   d r o p   a c r o s s   f i x e d   o r i f i c e   7  i s   a l m o s t   e x a c t l y  

e q u a l   to   t h e   p r e s s u r e   d r o p   a c r o s s   a i r   t h r o t t l e   1.  O r i f i c e   7 

is   d e s i g n e d   t o   h a v e   a  c o e f f i c i e n t   of  d i s c h a r g e   i n s e n s i t i v e   t o  

R e y n o l d s   N u m b e r   and  Mach  N u m b e r .   The  a i r   f l o w   p a s t   o r i f i c e   7 

v a r i e s   in  a l m o s t   e x a c t   p r o p o r t i o n   to   t h e   a i r   f l o w   p e r   u n i t   a r e a  

p a s t   a i r   t h r o t t l e   1.  The  a i r   f l o w   p a s t   o r i f i c e   5  i s   e x a c t l y  

e q u a l   to   t h e   f l o w   p a s t   o r i f i c e   7,  and  t h e   p r e s s u r e   d r o p   a c r o s s  

o r i f i c e   5  v a r i e s   to   good  a p p r o x i m a t i o n   w i t h ' t h e   s q u a r e   of  f l o w  

t h r o u g h   o r i f i c e   5.  The  p r e s s u r e   d r o p   a c r o s s   o r i f i c e   5  i s  

t h e r e f o r e   a  g o o d   s i g n a l   f o r   p r o p o r t i o n a l   c o n t r o l   of  f u e l   p r e s -  

s u r e   d r o p   a c r o s s   t h e   f u e l   v a l v e .   Movemen t   of  n e e d l e   9  c h a n g e s  

t h e   e f f e c t i v e   f l o w   a r e a   of  o r i f i c e   5,  and  c h a n g i n g   t h i s   f l o w  

a r e a   i s   a  c o n v e n i e n t   way  of  c h a n g i n g   t h e   a i r   f u e l   r a t i o   s u p -  

p l i e d   by  t h e   s y s t e m .  

F i g u r e   2  shows   t h e   f u e l   c o n t r o l   a r r a n g e m e n t   w h i c h   i n -  

c l u d e s   a  f u e l   v a l v e   o p e n i n g   in  p r o p o r t i o n   to  t h e   a i r   t h r o t t l e  

o p e n i n g   and  a  n e g a t i v e   f e e d b a c k   f u e l   p r e s s u r e   d r o p   r e g u l a t i o n  

s y s t e m   c o n t r o l l i n g   p r e s s u r e   d r o p   a c r o s s   t h i s   v a l v e   in  p r o p o r -  
t i o n   to   t h e   p r e s s u r e   d r o p   a c r o s s   a i r   o r i f i c e   5.  On  t h e   s a m e  

s h a f t   as  t h r o t t l e   s h a f t   12  i s   s l o t t e d   s h a f t   p l u g   v a l v e   1 2 a ,  

w h i c h   r o t a t e s   w i t h i n   a  r e c e i v i n g   p a s s a g e   so  as  to  h a v e   an  e f -  

f e c t i v e   f l o w   a r e a   v a r y i n g   in   p r e c i s e   p r o p o r t i o n   to  t h e   o p e n i n g  

of  a i r   t h r o t t l e   l .   In  p r e f e r r e d   f o r m s   of  t h e   i n v e n t i o n ,   t h i s  

s l o t t e d   s h a f t   i s   on  t he   t h r o t t l e   s h a f t ,   so  t h a t   t h e r e   i s   a  z e r o  

l a g   and  e x t r e m e l y   p o s i t i v e   l i n k a g e   b e t w e e n   f u e l   v a l v e   o p e n i n g  

and  a i r   t h r o t t l e   o p e n i n g .  

F u e l   a i r   m e t e r i n g   r e q u i r e s   t h a t   t h e   p r e s s u r e   d r o p   a c r o s s  

s l o t t e d   s h a f t   v a l v e   12a  v a r y   in   p r o p o r t i o n   to  t he   p r e s s u r e   d r o p  



a c r o s s   o r i f i c e   5.  The  p r e s s u r e   d rop   a c r o s s   f u e l   v a l v e   12a  i s  

v a r i e d   in  p r o p o r t i o n   to  the   p r e s s u r e   d i f f e r e n t i a l   a c r o s s   a i r  

f l ow  o r i f i c e   5  by  f u e l   p r e s s u r e   r e g u l a t o r   a s s e m b l y   13,  14,  1 5 ,  

16.  A  v e r y   low  f r i c t i o n   a i r   p i s t o n   13  (wh ich   may  have  to  b e  

s u p p o r t e d   on  h y d r o s t a t i c   b e a r i n g s )   i s   c o n n e c t e d   on  i t s   l e f t  

f a c e   to  a  c o n n e c t i n g   p a s s a g e   22  which   c o n n e c t e s   to  p a s s a g e   6  a t  

t he   p r e s s u r e   d o w n s t r e a m   of  o r i f i c e   5.  On  t he   r i g h t   s i d e   o f  

a i r   p i s t o n   13  is   t he   p r e s s u r e   u p s t r e a m   of  o r i f i c e   5,  wh ich   i s  

c o m m u n i c a t e d   by  c o n n e c t i n g   p a s s a g e   20.  The  p r e s s u r e   d rop   a c r o s s  
o r i f i c e   5  t h e r e f o r e   p r o d u c e s   a  l e f t w a r d   f o r c e   on  p i s t o n   13  e -  

q u a l   to  the   a r e a   of  p i s t o n   13  t i m e s   t h e   p r e s s u r e   d rop   a c r o s s  
o r i f i c e   5.  T h i s   l e f t w a r d   f o r c e   is  t r a n s m i t t e d   by  a  t h i n   c y l i n -  

d r i c a l   c o n n e c t i n g   rod   15  to  f u e l   c o n t r o l   p i s t o n   v a l v e   14  w h i c h  

r i d e f   in  a  c y l i n d e r   on  e s s e n t i a l l y   f r i c t i o n l e s s   h y d r o s t a t i c  

g a s o l i n e   b e a r i n g s .   The  f u e l   c o n t r o l   v a l v e   p i s t o n   14  is  c o n -  

n e c t e d   on  i t s   l e f t   s i d e   to  f u e l   p r e s s u r e   u p s t r e a m   of  f u e l   v a l v e  

12a  by  p a s s a g e   21,  and  on  i t s   r i g h t   s i d e   i s   c o n n e c t e d   d o w n -  

s t r e a m   of  v a l v e   12a  by  p a s s a g e   16;  the   p r e s s u r e   d i f f e r e n t i a l  

a c r o s s   the   f u e l   v a l v e   12a  g e n e r a t e s   a  r i g h t w a r d   f o r c e   on  p i s -  

ton   14  e q u a l   to  t h i s   p r e s s u r e   drop  t i m e s   t he   a r e a   of  p i s t o n  
14.  At  e q u i l i b r i u m   t he   r i g h t w a r d   f o r c e   f rom  p i s t o n   14  b a l a n c e s  

the   l e f t w a r d   f o r c e   f rom  a i r   p i s t o n   13;  i f   t he   s y s t e m   is   no t   i n  

e q u i l i b r i u m ,   i t   w i l l   t e n d   to  move  a x i a l l y .  

A x i a l   m o t i o n   of  a s s e m b l y   14,  15,  13  w i l l   r a p i d l y   c h a n g e  

the   p r e s s u r e   d rop   a c r o s s   p i s t o n   14,  and  t h i s   c h a n g e   w i l l   a c t  

to  r e s t o r e   e q u i l i b r i u m .   A x i a l   m o t i o n   of  p i s t o n   14  opens   a n d  

c l o s e s   f u e l   f low  a r e a   to  p a s s a g e   16,  and  the   o r i f i c e   f o r c e d   b y  

p i s t o n   14  and  p a s s a g e   16  is  the   on ly   o r i f i c e   in  s e r i e s   w i t h  

f u e l   v a l v e   12a.   P a s s a g e   16  f e e d s   f u e l   to  t h e   e n g i n e .   A s s e m b l y  

14,  15,  13  a c t s   as  a  s e r v o   c o n t r o l l e d   v a l v e   s y s t e m   c o n t r o l l i n g  

the   p r e s s u r e   d rop   a c r o s s   the   s l e e v e   of  p i s t o n   14  ( the   p r e s s u r e  

d i f f e r e n c e   b e t w e e n   p a s s a g e   11  and  p a s s a g e   1 6 ) .   B e c a u s e   p a s -  

sage   16  is  the   o n l y   o u t l e t   for   f u e l   wh ich   f l o w s   p a s t   v a l v e   1 2 a ,  

the   a x i a l   p o s i t i o n   of  p i s t o n   14  d i r e c t l y   c o n t r o l s   the   p r e s s u r e  

d r o p   a c r o s s   v a l v e   12a,   and  hence   the   f u e l   f l o w   of  the  m e t e r i n g  

s y s t e m .   If   a s s e m b l y   13,  15,  14  d o e s n ' t   s t i c k ,   p i s t o n   14  w i l l  

move  to  an  a x i a l   p o s i t i o n   p r o d u c i n g   an  e x a c t   f o r c e   b a l a n c e .  

A  f o r c e   b a l a n c e   b e t w e e n   f u e l   p i s t o n   14  and  a i r   p i s t o n  

13  means  t h a t   the   f u e l   p r e s s u r e   d rop   a c r o s s   f u e l   v a l v e   12a  i s  

p r o p o r t i o n a l   to  the   p r e s s u r e   drop  a c r o s s   a i r   o r i f i c e   5,  w h i c h  

is   what   is  r e q u i r e d   to  p r o d u c e   a  s e t   a i r - f u e l   r a t i o   from  t h e  



a n a l o g   c a r b u r e t o r  

The  f u e l   f l o w   c o n t r o l   s y s t e m   of  F i g u r e   2  w i l l   work   w e l l  

i f   d e t a i l s   a r e   w e l l   h a n d l e d   and  i f   t h e   f u e l   p r e s s u r e   s u p p l i e d  

to  p a s s a g e   10  i s   s u f f i c i e n t   and  s m o o t h   e n o u g h .   A  f u e l   a i r   m e -  

t e r i n g   s y s t e m   such   as  t h a t   shown  on  F i g u r e s   I  and  2  has   o p e r -  

a t e d   s u c c e s s f u l l y   and  w i t h   e x c e l l e n t   a c c u r a c y   on  a  t e s t   s t a n d  

a t   S o u t h w e s t   R e s e a r c h   I n s t i t u t e .   The  f u n c t i o n   of  t h e   s y s t e m  

i s   r a t h e r   s i m p l e   and  s t r a i g h t f o r w a r d l y   d e s c r i b e d   w i t h   e x a c t  

m a t h e m a t i c s .   A i r   f l o w   p a s t   an  a i r   t h r o t t l e   1  o b e y s   to   e x c e l -  

l e n t   a p p r o x i m a t i o n   t h e   s t a n d a r d   c o m p r e s s i b l e   f l o w   e q u a t i o n  

f o u n d   in  e n g i n e e r i n g   t e x t b o o k s .   The  a i r  f l o w   t h r o t t l e   i s   p o s -  

i t i v e l y   l i n k e d   w i t h   a  f u e l   f l o w   v a l v e   so  t h a t   t h e   f u e l   f l o w  

m e t e r i n g   a r e a   i s   p r o p o r t i o n a l   to   a i r   t h r o t t l e   o p e n i n g .   A  t w o  

o r i f i c e   in   s e r i e s   a i r   b y p a s s   s y s t e m   g e n e r a t e s   a  f l o w   s i g n a l  

c l o s e l y   p r o p o r t i o n a l   to   t h e   s q u a r e   of   t h e   mass   f l o w   p e r   u n i t  

a r e a   p a s t   t he   t h r o t t l e .   A  n e g a t i v e   f e e d b a c k   f u e l   r e g u l a t o r   a s -  

s e m b l y   c o n t r o l s   f u e l   p r e s s u r e   d r o p   a c r o s s   t h e   f u e l   m e t e r i n g  

v a l v e   in   p r o p o r t i o n   to  t h e   s i g n a l   g e n e r a t e d   in   t h i s   b y p a s s   s y s -  

tem  by  r e g u l a t i n g   t h e   f l o w   r e s i s t a n c e   of  an  o r i f i c e   in   s e r i e s  

w i t h   t h e   f u e l   v a l v e ,   t h e r e b y   v a r y i n g   f l o w   u n t i l   p r e s s u r e   d r o p  

a c r o s s   t h e   f u e l   c o n t r o l   v a l v e   i s   in   b a l a n c e .  

The  a i r   f l o w   r e l a t i o n s   in  t h e   a i r   f l o w   s y s t e m   shown  i n  

F i g u r e   1  work  v e r y   w e l l ,   b u t   t h e r e   a r e   some  p r a c t i c a l   p r o b l e m s  

of   d e t a i l   in  t h e   f u e l   c o n t r o l   s y s t e m   shown  in  F i g u r e   2.  F i r s t  

of  a l l ,   t h e   d e t a i l s   of  v a l v e   12a  a r e   n o t   shown  in  e n o u g h   d e t a i l  

to   show  how  i t   can  have   an  e f f e c t i v e   f l o w   a r e a   w h i c h   v a r i e s   i n  

p r e c i s e   p r o p o r t i o n   to   t h e   a i r   t h r o t t l e .   T h e r e   a r e   a  n u m b e r   o f  

p r o b l e m s   w i t h   t h e   c o n t r o l   s y s t e m   o t h e r w i s e .   Bo th   f u e l   c o n t r o l  

p i s t o n   14  and  a i r   p i s t o n   13  a r e   p r o n e   to  e x c e s s i v e   f r i c t i o n  

and  s t i c k i n g .   F r i c t i o n   or   s t i c k i n g   can  p r o d u c e   s i g n i f i c a n t  

m e t e r i n g   e r r o r s .   The  p r e s s u r e   d r o p   b e t w e e n   p a s s a g e   11  and  p a s -  

s a g e   16  p r o d u c e s   a  s i d e w a r d   f o r c e   b e t w e e n   p i s t o n   14  and  t h e   c y -  
l i n d e r   in  w h i c h   i t   r i d e s ,   and  t h i s   f o r c e   makes   t h e   m o t i o n   of  14  

u n a c c e p t a b l y   s t i c k y .   I t   i s   v e r y   d i f f i c u l t   to  p r o d u c e   an  a i r  

p i s t o n   13  w i t h   t h e   v e r y   low  f r i c t i o n   r e q u i r e d   of  t h e   s y s t e m ,  

p a r t i c u l a r l y   i f   a  d u r a b l e   s y s t e m   i s   r e q u i r e d ,   and  s t i c k y n e s s   o f  

p i s t o n   13  i s   a l s o   a  c a u s e   of  i n a c c u r a c y .   Even  i f   t h e   f r i c t i o n  

in  p i s t o n s   14  and  13  w e r e   z e r o ,   and  i f   t h e   s l i d i n g   f r i c t i o n   o f  

c o n n e c t i n g   rod  15  was  a l s o   z e r o ,   t h e r e   w o u l d   be  an  e r r o r   in  t h e  

s y s t e m   due  to  a  p r e s s u r e   i m b a l a n c e   a c r o s s   t he   c r o s s   s e c t i o n a l  



a r e a   of  c o n n e c t i n g   rod   15.  T h e r e   i s   a l s o   t h e   i s s u e   of  t he   s e r -  

vo  m e c h a n i c a l   s t a b i l i t y   of  the   s e r v o   c o n t r o l l e d   v a l v e   f o r m e d  

by  p i s t o n   14  and  i t s   c y l i n d e r   o p e n i n g   to  p a s s a g e   16.  The  s y s -  

tem  i s   a  n o n - l i n e a r   n e g a t i v e   f e e d b a c k   s e r v o   of  a  s o r t   w h i c h   i s  

s u s c e p t i b l e   to  o s c i l l a t i o n ,   so  t h a t   t h e   s y s t e m   n e e d s   an  e x a c t -  

ly   l i n e a r   d a m p i n g   c h a r a c t e r i s t i c   i f   i t   i s   to  o p e r a t e   a c c u r a t e l y .  

F i g u r e   3  shows  s o l u t i o n s   to  t h e s e   p r o b l e m s   and  has  o t h e r  

a d v a n t a g e s .   The  a i r   f l o w   p a s s a g e s   and  f u e l   f l o w   p a s s a g e s   i n  

t h e   m e t e r i n g   s y s t e m   of  F i g u r e   3  a r e   v e r y   c l o s e l y   a n a l o g o u s   t o  

t h o s e   of  F i g u r e s   1  and  2.  The  a i r   f l o w   p a s s a g e s   a n a l o g o u s   t o  

F i g u r e   1  a re   as  f o l l o w s :   t h r o t t l e   42  p i v o t s   in  g e n e r a l l y   r e c -  

t a n g u l a r   p a s s a g e   40  and  f o r m s   a  v a r i a b l e   a r e a   a i r   t h r o t t l e .  

The  c o e f f i c i e n t   of  d i s c h a r g e   of  a i r   t h r o t t l e   42  has  been   s h o w n  

e x p e r i m e n t a l l y   to   be  v e r y   i n s e n s i t i v e   to  Mach  Number  and  R e y -  

n o l d s   Number  v a r i a t i o n s .   Flow  from  t h r o t t l e   42  p r o c e e d s   t o  

d o w n s t r e a m   p a s s a g e   44,  and  a t t a c h e s   in  t h e   fo rm  of  a  c o a n d a  

w a l l   a t t a c h e d   s t r e a m   to  t h i s   w a l l .   We l l   u p s t r e a m   of  t h r o t t l e  

42  i s   p i c k   up  p a s s a g e   46,  w h i c h   is   shown  s c h e m a t i c a l l y   ( in  a  

p r o p e r   s y s t e m   p i c k   up  46  would   be  in  a  l a r g e   e n o u g h   p a s s a g e   s o  

t h a t   i t   was  p i c k i n g   up  a i r   at   u p s t r e a m   s t a g n a t i o n   p r e s s u r e ) .  

F low  from  46  moves   t h r o u g h   low  f l o w   r e s i s t a n c e   p a s s a g e   45  a n d  

p a s s e s   t h r o u g h   o r i f i c e   48,  wh ich   i s   a n a l o g o u s   to  o r i f i c e   5 .  

D o w n s t r e a m   of  o r i f i c e   48  is   r e l a t i v e l y   l a r g e   p a s s a g e   49,  w h i c h  

is   l a r g e   e n o u g h   to  d i s s i p a t e   t he   v e l o c i t y   of  f l o w   from  o r i f i c e  

48  and  f e e d   a  r e l a t i v e l y   h o m o g e n o u s   a i r   f l o w   to  d o w n s t r e a m   o r i -  

f i c e   50,  w h i c h   i s   a n a l o g o u s   to  o r i f i c e   7.  O r i f i c e   50  f e e d s  

p a s s a g e   51  wh ich   i s   c o n n e c t e d   to  t h e   w a l l   of  p a s s a g e   44  o n  
w h i c h   t he   h i g h   s p e e d   f l o w   from  a i r   t h r o t t l e   42  is   a t t a c h e d .  

The  d o w n s t r e a m   c o r n e r   of  t h e   c o n n e c t i o n   b e t w e e n   p a s s a g e   51  a n d  

a i r   f l o w   p a s s a g e   44  i s   c u r v e d   a t   54,  so  f l o w   from  p a s s a g e   51  

m e r g e s   s m o o t h l y   w i t h   t h e   main  a i r f l o w   and  p a s s a g e   51  c o n t a i n s  

a  f l u i d   at  a  p r e s s u r e   v e r y   c l o s e   to  t he   d o w n s t r e a m   vena   c o n -  

t r a c t a   s t a t i c   p r e s s u r e   of  a i r   t h r o t t l e   4 2 .  

V a r i a t i o n   of  t h e   e f f e c t i v e   open  a r e a   of  o r i f i c e   48  as  a  

f u n c t i o n   of  e n g i n e   i n t a k e   m a n i f o l d   vacuum  i s   o b t a i n e d   by  d i a -  

p h r a g m   a s s e m b l y   66,  68,  70,  which   moves  n e e d l e   60  in  r e s p o n s e  

to  v a r i a t i o n s   in  t he   p r e s s u r e   of  p a s s a g e   56,  wh ich   p a s s a g e   t a p s  

p a s s a g e   51.  The  d i a p h r a g m   c o n t r o l   f o r   n e e d l e   60  a c h i e v e s   a  

c o n t r o l l e d   e n r i c h m e n t   of  t h e   m i x t u r e   at   low  i n t a k e   m a n i f o l d  

v a c u u m s .  



D i a p h r a g m   a s s e m b l y   66,  68,  70  s e p a r a t e s   two  c h a m b e r s ,  

c h a m b e r   49  i s   a t   t h e   u p s t r e a m   p r e s s u r e   of  o r i f i c e   48  and  t h e   o t h e r  

c h a m b e r   64  i s   a t   t h e   d o w n s t r e a m   p r e s s u r e   of  o r i f i c e   48.  T h e  

d i a p h r a g m   a s s e m b l y   f u n c t i o n s   a n a l o g o u s l y   to   p i s t o n   13  in   F i g u r e  

2.  T h i n   d i a p h r a g m   66  j o i n s   a r o u n d   i t s   o u t s i d e   a t   p e r i p h e r a l  

c o n n e c t i o n   67  and  i s   m o u n t e d   on  d i a p h r a g m   cup  68.  Cup  68  i s  

r i g i d l y   c o n n e c t e d   to   c i r c u l a r   r o d   70  w h i c h   r i d e s   in   b u s h i n g   7 2  

so  t h a t   r o d   70  and  b u s h i n g   72  p r o v i d e   a x i a l   a l i g n m e n t   of  t h e  

d i a p h r a g m   a s s e m b l y .   The  r i g h t w a r d   s i d e   of  t h e   d i a p h r a g m   a s s e m -  

b l y   i s   a t   t h e   p r e s s u r e   of  c h a m b e r   64  w h i c h   i s   c o n n e c t e d   t h r o u g h  

p a s s a g e   47  to   p a s s a g e   45,  a p p r o x i m a t e l y   u p s t r e a m   t h r o t t l e   s t a g -  

n a t i o n   p r e s s u r e .   On  t he   l e f t   s i d e   of   t h e   d i a p h r a g m   a s s e m b l y  

i s   c h a m b e r   49,   w h i c h   i s   a t   t h e   p r e s s u r e   d i r e c t l y   d o w n s t r e a m   o f  

o r i f i c e   48.  D i a p h r a g m   a s s e m b l y   66,  68  p r o d u c e s   a  l e f t w a r d  

f o r c e   on  c o n n e c t i n g   r o d   98  c a r r i e d   in   b u s h i n g   99  to  f o r m   p a r t  
of  a  s e r v o - c o n t r o l l e d   f u e l   v a l v e   a s s e m b l y   v e r y   a n a l o g o u s   t o  

t h e   a s s e m b l y   14,   15  of  F i g u r e   2 .  

The  f u e l   f l o w   c i r c u i t   i s   a n a l o g o u s   to   F i g u r e   2,  and  i s  

p a r t l y   shown  s c h e m a t i c a l l y   w i t h   d e t a i l s   shown  w i t h   r e s p e c t   t o  

t h e   f u e l   c o n t r o l   s e r v o   v a l v e   a r r a n g e m e n t .   P r e s s u r i z e d   f u e l   i n  

r e l a t i v e l y   l a r g e   p a s s a g e   84  i s   s u p p l i e d   by  a  p u m p i n g   a r r a n g e -  

m e n t   ( n o t   shown)   and  f u e l   f r om  84  p a s s e s   c o n v e r g e n t l y   i n t o   r e c -  

t a n g u l a r   p a s s a g e   82  w h i c h   i s   c l o s e d   o f f   by  s l o t t e d   p l u g   v a l v e  

80,  w h i c h   i s   shown  s c h e m a t i c a l l y   on  F i g u r e   3  and  i s   p r e f e r r e d  

to  be  on  t h e   same  s h a f t   as  t h e   a i r   t h r o t t l e   42,  i n   a  m a n n e r  

f u r t h e r   shown  in   F i g u r e   5.  F low  p a s t   s l o t t e d   p l u g   v a r i a b l e  

a r e a   v a l v e   80  f l o w s   i n t o   a  l a r g e   e x p a n s i o n   a r e a   86,  in   a  f l o w  

p a t t e r n   c h a r a c t e r i z e d   by  R e y n o l d s   Number   i n s e n s i t i v i t y   and  a p -  

p r o x i m a t e l y   c o m p l e t e   d i s s i p a t i o n   d o w n s t r e a m   f l o w   e n e r g y   by  t u r -  

b u l e n c e ,   so  t h a t   t h e   p r e s s u r e   in   p a s s a g e   86  a p p r o x i m a t e s   t h e  

v e n a   c o n t r a c t a   s t a t i c   p r e s s u r e   d i r e c t l y   d o w n s t r e a m   of  p l u g  

v a l v e   80.  P a s s a g e   86  i s   l a r g e   and  c h a r a c t e r i z e d   by  low  f l u i d  

r e s i s t a n c e .   P a s s a g e   86  f e e d s   p a s s a g e   88,  of  s i m i l a r l y   low  r e -  

s i s t a n c e .   L a r g e   p a s s a g e   88  f l o w s   f rom  a  r e l a t i v e l y   l a r g e   a r e a  

i n t o   a  p i s t o n   c o n t r o l l e d   s e r v o   v a l v e   a r e a .  

P i s t o n   95  r i d e s   on  c y l i n d e r   s l e e v e   91.  In  s l e e v e   91  a r e  

s y m e t r i c a l l y   l o c a t e d   p o r t s   90,  w h i c h   p o r t s   a r e   a r r a n g e d   so  t h a t  

s i d e   f o r c e s   on  p i s t o n   95  due  to  p r e s s u r e   d r o p s   f rom  t h e   p r e s -  

s u r e   of   p a s s a g e   88  to  t h e   p r e s s u r e   o f   p a s s a g e   p o r t s   90  do  n o t  

p r o d u c e   any   n e t   s i d e   f o r c e s   t e n d i n g   to  s t i c k   p i s t o n   95.  P i s t o n  



95  has   a  k n i f e   e d g e d   s h a p e   on  i t s   p i s t o n   s k i r t ,   and  a x i a l  m o -  

t i o n   of  p i s t o n   95  in  s l e e v e   91  moves  t he   k n i f e   e d g e d   s k i r t   o -  

p e n i n g   and  c l o s i n g   p o r t s   90  so  t h a t   t he   i n t e r a c t i o n   of  p i s t o n  

95  w i t h   p o r t s   90  f o r m s   a  s e r v o   c o n t r o l l e d   v a l v e .   P o r t s   90  f e e d  

an  a n n u l a r   p a s s a g e   92  a r o u n d   t h e   o u t s i d e   of  s l e e v e   91,  and  p a s -  

s a g e   92  f e e d s   p a s s a g e   110 .   P a s s a g e   110  f e e d s   f u e l   to  t he   a i r -  

s t r e a m   (and  h e n c e   to  t h e   e n g i n e )   v i a   a  d i s t r i b u t i o n   p o r t   a r -  

r a n g e m e n t   111,   112  d e s c r i b e d   f u r t h e r   in  F i g u r e   7.  S t a t i c   f r i c -  

t i o n   of  p i s t o n   95  in  c y l i n d e r   s l e e v e   91  i s   f u r t h e r   b a l a n c e d   b y  

h y d r o s t a t i c   p r e s s u r e   b a l a n c i n g   h o l e s   93  s y m e t r i c a l l y   s p a c e d   i n  

s l e e v e   91,  w h i c h   h o l e s   s e r v e   to   c e n t e r   p i s t o n   95  in  t he   m a n n e r  

of  a  h y d r o s t a t i c   b e a r i n g .  

P i s t o n   95  o p e n i n g   and  c l o s i n g   p o r t s   90  i s   a  s e r v o   c o n -  

t r o l l e d   v a l v e   w h i c h   o p e r a t e s   in  c l o s e   a n a l o g y   to   p i s t o n   10  o f  

F i g u r e   2.  On  t he   r i g h t   s i d e   of  p i s t o n   95  i s   a  p r e s s u r e   v e r y  

n e a r   to  t h e   d o w n s t r e a m   v e n a   c o n t r a c t a   s t a t i c   p r e s s u r e   d o w n -  

s t r e a m   of  v a r i a b l e   a r e a   c o n t r o l   v a l v e   80.  I t   ha s   been   f o u n d  

e x p e r i m e n t a l l y   t h a t   w i t h   p i s t o n   9 5 ' s   s k i r t   k n i f e   edge   as  s h o w n ,  

t h e   f l u i d   m o t i o n   n e a r   p i s t o n   95  has  v e r y   s m a l l   e f f e c t s   on  t h e  

p r e s s u r e   on  t h i s   s i d e   of  t h e   p i s t o n .   On  t h e   l e f t   s i d e   of  p i s -  

t on   95  i s   c h a m b e r   100  w h i c h   c o n n e c t s   t h r o u g h   a  l a m i n a r   f i l t e r  

102  p o s i t i o n e d   in  p a s s a g e   101  w i t h   t he   p r e s s u r e   a t   p i c k - u p   p o r t  
104.   The  l a m i n a r   f l o w   f i l t e r   102  (wh ich   can  be  c o n v e n i e n t l y  

f o r m e d   of  a  c o n v e n t i o n a l   c i g a r e t t e   f i l t e r )   f u n c t i o n s   w e l l   t o  

damp  any  o s c i l l a t i o n   in  s e r v o - p i s t o n   v a l v e   95,  s i n c e   any  a x i a l  

m o t i o n   of  p i s t o n   95  r e q u i r e s   t h a t   f l ow  p a s s   t h r o u g h   t h i s   f i l -  

t e r .   I t   t u r n s   ou t   t h a t   d a m p i n g   d i r e c t l y   p r o p o r t i o n a l   to  t h e  

a x i a l   v e l o c i t y   of  p i s t o n   95  i s   p r e c i s e l y   w h a t   i s   r e q u i r e d   f o r  

e r r o r   f r e e   s e r v o   m e c h a n i s m   p e r f o r m a n c e .   The  l a m i n a r   f low  c i g -  

a r e t t e   f i l t e r   p r o v i d e s   t h i s   d a m p i n g   and  a l s o   s e r v e s   to  f i l t e r  

s m a l l   p a r t i c l e s   w h i c h   m i g h t   o t h e r w i s e   c a u s e   p i s t o n   95  to  s t i c k  

in  c y l i n d e r   s l e e v e   9 1 .  

The  f u n c t i o n   of  t he   s e r v o   c o n t r o l l e d   v a l v e   a s s e m b l y   9 1 ,  

95,  99,  66,  68,  70  i s   s u b s t a n t i a l l y   s u p e r i o r   to   t h a t   of  t h e  

s y s t e m   shown  in  F i g u r e   2.  The  d i a p h r a g m   a r r a n g e m e n t   has  b e e n  

shown  to  have   e s s e n t i a l l y   v a n i s h i n g   h y s t e r i s i s   and  s t a t i c   f r i c -  

t i o n .   E n g i n e   v i b r a t i o n   i s   s u f f i c i e n t   to  e s s e n t i a l l y   e l i m i n a t e  

s t a t i c   f r i c t i o n   in  c o n n e c t i n g   rod   98  and  c o m p e n s a t i n g   rod  7 0 .  

The  a r r a n g e m e n t   of  p o r t s   90  and  93  w i t h i n   s l e e v e   91  s u b s t a n -  

t i a l l y   e l i m i n a t e s   t he   s t i c k i n g   of  p i s t o n   95  w i t h i n   the   c y l i n d e r  



s l e e v e   91  i f   t h e s e   p a r t s   a r e   c a r e f u l l y   made .   The  a s s e m b l y  

f o r m s   an  e x t r e m e l y   a c c u r a t e   n e g a t i v e   f e e d b a c k   s e r v o m e c h a n i s m  

s y s t e m ,   w h i c h   i s   w e l l   damped   by  t h e   l a m i n a r   r e s i s t a n c e   of  t h e  

c i g a r e t t e   f i l t e r   in  p a s s a g e   101.   T h i s   s y s t e m   has   b e e n   s h o w n  

to  obey   the   e q u a t i o n s   w h i c h   w o u l d   be  p r e d i c t e d   in  a  f r e e   b o d y  

d i a g r a m   to  an  e x c e p t i o n a l   d e g r e e   of  e x a c t n e s s .  

I t   i s   u s e f u l   in   t h e   o p e r a t i o n   of  t h e   m e t e r i n g   s y s t e m   o f  

F i g u r e   3  to  have   a  r e l a t i v e l y   s t e a d y   p r e s s u r e   in  c h a m b e r   8 4 ,  

and  y e t   i t   i s   c o m m e r c i a l l y   u s e f u l   to  work  w i t h   c h e a p   d i a p h r a g m  

f u e l   pumps  w h i c h   p r o d u c e   f l u c t u a t i n g   p r e s s u r e s .   A i r   bag  a c -  

c u m u l a t o r   a r r a n g e m e n t   115 ,   116 ,   118  i s   shown  s c h e m a t i c a l l y   t o  

show  how  t h e   two  r e q u i r e m e n t s   can  be  s a t i s f i e d   a t   o n c e .   I n s i d e  

c o n t a i n e r   115  i s   r e l a t i v e l y   f l e x i b l e   a i r   bag  116  w h i c h   c o n t a i n s  

a i r   u n d e r   p r e s s u r e .   At  t h e   c o n n e c t i o n   b e t w e e n   a i r   bag  116  a n d  

p a s s a g e   84  i s   m e c h a n i c a l   g r i d   118 ,   w h i c h   s e r v e s   to  c o n s t r a i n  

t h e   e x p a n s i o n   of  bag  116  t o w a r d   p a s s a g e   84.  When  p r e s s u r e   i n  

p a s s a g e   84  i s   b e l o w   t he   a i r   p r e s s u r e   in  bag  116 ,   bag  116  w i l l  

e x p a n d   h a r d   a g a i n s t   g r i d   118 ,   and  t h e   a c c u m u l a t o r   w i l l   a c t   a s  

t h o u g h   i t   i s   a l m o s t   i n c o m p r e s s i b l e   ( t h e   r a t e   of  a c c u m u l a t i o n  

w i t h   p r e s s u r e   c h a n g e   w i l l   be  n e a r l y   z e r o   i f   p r e s s u r e   i s   b e l o w  

a  s e t   a i r   bag  p r e s s u r e ) .   When  t h e   p r e s s u r e   in  p a s s a g e   84  b e -  

comes  s i g n i f i c a n t l y   l a r g e r   t h a n   t h i s   a i r   bag  s e t   p r e s s u r e ,   h o w -  

e v e r ,   t h e   bag  116  w i l l   be  c o m p r e s s e d   in  p r e s s u r e   and  w i l l   r e -  

duce   in   v o l u m e ,   so  t h a t   f u e l   f rom  p a s s a g e   84  w i l l   f l o w   w i t h i n  

c o n t a i n e r   115.   U n d e r   t h e s e   c o n d i t i o n s ,   t h e   a c c u m u l a t o r   bag  1 1 6  

w i l l   s e r v e   v e r y   s t r o n g l y   to   damp  o u t   p r e s s u r e   f l u c t u a t i o n s  

w h i c h   m i g h t   o t h e r w i s e   o c c u r   f rom  a  p u l s a t i n g   pump.  Many  s u c h  

a c c u m u l a t o r   a r r a n g e m e n t s   a r e   o l d ,   and  t h e y   can   be  made  i n e x -  

p e n s i v e l y .  

A l l   a s p e c t s   of  F i g u r e   3  a n a l o g o u s   to   t h e   p a s s a g e s   i n  

F i g u r e   1  and  F i g u r e   2  have   now  been   d e s c r i b e d .   F i g u r e   3  a l s o  

shows  a  s i m p l e   and  e f f e c t i v e   e v a p o r a t i v e   e m i s s i o n   c o n t r o l ,  

w h i c h   c l o s e s   o f f   f l o w   to  p a s s a g e   110  when  t h e   e n g i n e   s t o p s   a n d  

f u e l   p r e s s u r e   in  p a s s a g e   84  d r o p s .   The  s y s t e m   i s   i n t e n d e d   t o  

be  u s e d   w i t h   a  f u e l   pump  a r r a n g e d   to  l e a k   down  p r e s s u r e   w h e n  

t h e   e n g i n e   s t o p s .   Such  a  pump  i s   no t   shown,   a l t h o u g h   many  s u c h  

pumps  w i l l   o c c u r   to  t h o s e   s k i l l e d   in  t he   a r t .   In  t he   e v a p o r a -  
t i v e   c o n t r o l   s y s t e m ,   a  p l u g   c a r r i e r   120  c o a x i a l   w i t h   p i s t o n   95 

c a r r i e s   s p r i n g - p i s t o n   a r r a n g e m e n t   124,   122,   w i t h   p i s t o n   1 2 2  

s l i d a b l y   c a r r i e d   w i t h i n   t h e   c y l i n d r i c a l   p a s s a g e   120  and  s e a l e d  



w i t h   a  r e l a t i v e l y   low  f r i c t i o n   O - r i n g   s e a l   130.   P i s t o n   122  i s  

p u s h e d   r i g h t w a r d   by  s p r i n g   124.   P o r t   126  and  t h e n c e   t he   p a s -  

s a g e   c o n t a i n i n g   s p r i n g   124  i s   c o n n e c t e d   to  an  e n g i n e   m a n i f o l d  

p r e s s u r e   ( c o n n e c t i o n   n o t   s h o w n ) .   When  f u e l   p r e s s u r e   in  c h a m -  

b e r   100  i s   a t   t he   v a l u e s   c o r r e s p o n d i n g   to  e n g i n e   o p e r a t i o n ,  

t h e   p r e s s u r e   f o r c e   in  c h a m b e r   100  f o r c e s   p i s t o n   122  l e f t w a r d  

to  t he   p o s i t i o n   shown.   When,  h o w e v e r ,   t he   e n g i n e   i s   s h u t   o f f ,  

p r e s s u r e   in  c h a m b e r   100  d r o p s   and  s p r i n g   124  p u s h e s   p i s t o n   1 2 2  

r i g h t w a r d ,   u n t i l   p i s t o n   122  c o n t a c t s   p i s t o n   95  and  p u s h e s   p i s -  

t on   95  t o  a  p o s i t i o n   w h i c h   f u l l y   c l o s e s   p o r t s   90  as  w e l l   a s  

p o r t s   93.  A f t e r   t h i s   p o i n t   f u e l   l e a k a g e   f rom  t h e   s y s t e m   i s  

n e g l i g i b l e .   The  s y s t e m   t h e r e f o r e   c o n t r o l s   e v a p o r a t i v e   e m i s -  

s i o n s .   The  a x i a l   l e n g t h   of  rod   98  and  c o m p e n s a t i o n   rod   70  a r e  

a r r a n g e d   w i t h   r e s p e c t   to   p i s t o n   95,  s l e e v e   91,  and  t h e   end  o f  

b u s h i n g   72,  so  t h a t   p i s t o n   95  s t o p s   in  a  p o s i t i o n   w h i c h   f u l l y  

c l o s e s   o f f   a l l   p a s s a g e s   to   p a s s a g e   110  when  t h e   e n g i n e   is   t u r n -  

ed  o f f .   Wi th   c r a n k i n g   of   t h e   e n g i n e ,   p i s t o n   122  q u i c k l y   s h i f t s  

l e f t w a r d   and  t h e   s y s t e m   m e t e r s   w i t h   n e g a t i v e   f e e d b a c k   s e r v o  

v a l v e   a s s e m b l y   95,  91,  98,  66,  68,  70  o p e r a t i n g   as  p r e v i o u s l y  

d e s c r i b e d .  

The  o p e r a t i o n   of  t h e   s e r v o   c o n t r o l l e d   v a l v e   d e p e n d s   f o r  

i t s   a c c u r a c y   on  a  v e r y   low  f r i c t i o n ,   low  h y s t e r e s i s   and  l o w  

s p r i n g   c o n s t a n t   c h a r a c t e r i s t i c   of  t he   d i a p h r a g m   66.  We  f o u n d  

e x p e r i m e n t a l l y   t h a t   p r e s e n t   a r t   d i a p h r a g m s   have   e x c e s s i v e l y  

l a r g e   s p r i n g   c o n s t a n t s   and  t o o   much  h y s t e r e s i s   f o r   t h e   a c c u r a c y  

we  were   a t t e m p t i n g   to  g e t   f rom  t h e   m e t e r i n g   s y s t e m .   H o w e v e r ,  

a  d i a p h r a g m   s h a p e   we  d e r i v e d   a n a l y t i c a l l y   has   b e e n   t e s t e d   e x -  

p e r i m e n t a l l y   and  has   t h e   e x c e p t i o n a l l y   low  s t i f f n e s s   c h a r a c t e r -  

i s t i c s   r e q u i r e d   ( s t i f f n e s s   and  h y s t e r e s i s   v a l u e s   more  t h a n   a  

f a c t o r   of  10  l e s s   t h a n   t h o s e   c h a r a c t e r i s t i c   of  c o n v e n t i o n a l   d i -  

a p h r a g m s ) .   The  s h a p e   of  d i a p h r a g m   66  in  F i g u r e   3  i s   t he   s h a p e  

of  t h i s   d i a p h r a g m   when  t h e   d i a p h r a g m   is   u n d e f o r m e d   (when  t h e  

p r e s s u r e   d r o p   a c r o s s   t he   d i a p h r a g m   is   n e g l i g i b l y   s m a l l ) .   As  

can  be  s e e n   f rom  t he   f i g u r e ,   t h e   s h a p e   of  t h e   d i a p h r a g m   is   s i g -  

n i f i c a n t l y   d i f f e r e n t   f rom  c o n v e n t i o n a l   d i a p h r a g m   s h a p e s ,   a n d  

p o i n t s   in  t he   d i a p h r a g m   a r e   s h i f t e d   o u t w a r d   r a d i a l l y   c o m p a r e d  

to  t he   g e o m e t r i c   s h a p e s   w h i c h   a r e   t y p i c a l   of  t he   p r i o r   a r t .   F o r  

e x a m p l e ,   c o n s i d e r   p o i n t   120  on  d i a p h r a g m   66.  When  t he   p r e s s u r e  

d r o p   a c r o s s   d i a p h r a g m   66  b e c o m e s   s i g n i f i c a n t ,   p r e s s u r e   f o r c e s  

w i l l   s e r v e   to  c h a n g e   t h e   s h a p e   of  t he   d i a p h r a g m   so  t h a t   p o i n t  



120  s h i f t s   r a d i a l l y   i n w a r d .   V i r t u a l l y   a l l   o t h e r   p o i n t s   on  t h e  

d i a p h r a g m   w i l l   s i m i l a r l y   move  i n w a r d   r a d i a l l y .   T h i s   m e a n s   t h a t  

t h e   c i r c u m f e r e n c e   of   t h e   d i a p h r a g m   a t   any  p o i n t   w i l l   t e n d   to  b e  

c o m p r e s s e d   by  t h e   i n w a r d   r a d i a l   m o t i o n   of  t h e   d i a p h r a g m   due  t o  

p r e s s u r e   f o r c e s ,   s i n c e   c i r c u m f e r e n c e   i s   p r o p o r t i o n a l   to  r a d i u s .  

P r e s s u r e   f o r c e s   t h e r e f o r e   d e f o r m   t h e   d i a p h r a g m ,   p u t t i n g   t h e  

d i a p h r a g m   m e m b r a n e   in   a  c i r c u m f e r e n t i a l   c o m p r e s s i o n .   The  m e m -  

b r a n e   i s   e x c e p t i o n a l l y   t h i n ,   and  b u c k l e s   r a t h e r   t h a n   t a k i n g  

c i r c u m f e r e n t i a l   c o m p r e s s i o n .   At  f i r s t   g a l n c e ,   t h i s   b u c k l i n g  

m i g h t   be  e x p e c t e d   to  s t i f f e n   t h e   d i a p h r a g m   and  i t   d o e s   s t i f f e n  

t h e   d i a p h r a g m   w i t h   r e s p e c t   to  f i r s t   o r d e r   b e n d i n g   t e r m s .   H o w -  

e v e r ,   t h e   b u l k   of  d i a p h r a g m   s t i f f n e s s   o c c u r s   b e c a u s e   of  c i r c u m -  

f e r e n t i a l   s t r e t c h i n g   w h i c h   o c c u r s   as  t h e   d i a p h r a g m   moves   a x -  

i a l l y ,   and  t h e   b u c k l e d   form  of   t h e   d i a p h r a g m   s h a p e   66  t o t a l l y  

e l i m i n a t e s   t h e s e   c i r c u m f e r e n t i a l   s t r e s s   t e r m s ,   and  in  c o n s e -  

q u e n c e ,   p r o d u c e s   a  d i a p h r a g m   w h i c h   i s   an  o r d e r   of  m a g n i t u d e  

l e s s   s t i f f   t h a n   t h a t   of  p r i o r   a r t   d i a p h r a g m s .   The  d i a p h r a g m  

s h a p i n g   of  66  i s   u s e f u l ,   s i n c e   i t   p e r m i t s   d i a p h r a g m s   to   be  u s e d  

in  d e v i c e s   of   much  h i g h e r   p r e c i s i o n   t h a n   has   h e r e t o f o r e   b e e n  

p o s s i b l e .   The  r e s i s t a n c e   of  d i a p h r a g m   66  to   a x i a l   m o t i o n   w i t h -  

in  t he   c o n t r o l   r a n g e   r e l e v a n t   to  t h e   s e r v o   c o n t r o l   v a l v e   m o t i o n  

of  p i s t o n   95  i s   e s s e n t i a l l y   n e g l i g i b l e ,   so  t h a t   t h e   d i a p h r a g m  

s e r v e s   as  an  e f f e c t i v e l y   z e r o   f r i c t i o n   p i s t o n   w h i c h   p r o d u c e s  

a  f o r c e   i d e a l l y   s u i t e d   f o r   c o n t r o l l i n g   s e r v o   v a l v e   p i s t o n   9 5 .  

The  d e t a i l e d   s h a p e   of  t h r o t t l e   42  i s   i m p o r t a n t .   F i r s t  

i t   can  be  c l e a r l y   s e e n   t h a t   t h e   o p e n   a r e a   of  t h r o t t l e  4 2   v a r i e s  

as  the   a n g l e  &   i n c r e a s e s   a c c o r d i n g   to   t h e   f o r m u l a  

I t   s h o u l d   be  c l e a r   t h a t   t h e   p r o -  

j e c t e d   open   a r e a   of   p l u g   v a l v e   80  w i t h   r e s p e c t   to  i t s   g e n e r a l l y  

r e c t a n g u l a r   p a s s a g e   s h o u l d   be  a  q u i t e   s i m i l a r   e q u a t i o n  

The  k i   can  be  t h e   same  f o r   b o t h  

t h e   f u e l   v a l v e   and  t h e   a i r   v a l v e ,   in   w h i c h   c a s e   t h e   p r o j e c t e d  

open   a r e a   of   b o t h   v a l v e s   w i l l   v a r y   in   e x a c t   p r o p o r t i o n .   F o r  

c o n v e n t i o n a l   r o u n d   b u t t e r f l y   v a l v e s ,   t he   a i r   p r o j e c t e d   o p e n  

a r e a   v a r i e s   a c c o r d i n g   to  e s s e n t i a l l y   t h e   same  r e l a t i o n ,   so  t h a t  

f o r   b o t h   s o r t s   of  t h r o t t l e   v a l v e s   a  c l o s e   p r o p o r t i o n i n g   b e t w e e n  

f u e l   f l o w   v a l v e   a r e a   and  a i r   f l o w   v a l v e   a r e a   i s   p o s s i b l e   w i t h  

a  s y s t e m   w h i c h   p u t s   b o t h   v a l v e s   on  t h e   same  s h a f t .  

R e f e r r i n g   a g a i n   to  t h r o t t l e   42,  t h e   s h a p e   of  t h r o t t l e  

42  i s   a r r a n g e d   s p e c i f i c a l l y   so  t h a t   i t   i s   v e r y   i n s e n s i t i v e   i n  



i t s   c o e f f i c i e n t   of  d i s c h a r g e   to  v a r i a t i o n s   in  Mach  Number  a n d  

R e y n o l d s   Number  w h i c h   o c c u r   a c r o s s   i t   due  to  v a r i a t i o n s   in  t h e  

i n t a k e   m a n i f o l d   vacuum  of  t he   s y s t e m   e n g i n e   d o w n s t r e a m   p a s s a g e  

44.  On  t h e   u p s t r e a m   s i d e   of  t h r o t t l e   42  i s   a  s m o o t h l y   c o n v e r -  

g e n t   c u r v e   142,  w h i c h   c o n s t r a i n s   t he   c o n v e r g e n t   s t r e a m l i n e s   u p -  
s t r e a m   of  t h e   t h r o t t l e   v a l v e ,   t e n d i n g   to  s t a b i l i z e   t he   c o e f f i -  

c i e n t   of  d i s c h a r g e   of  t h e   t h r o t t l e .   On  t h e   d o w n s t r e a m   s i d e   o f  

t h e   t h r o t t l e   42  i s   c u s p   143 ,   w h i c h   i s   a r r a n g e d   to  s t a b i l i z e   a  

p a r a s i t i c   v o r t e x   d r i v e n   by  t h e   h i g h   s p e e d   s t r e a m   p a s t   t h e  

t h r o t t l e .   T h i s   v o r t e x   s m o o t h l y   m e r g e s   w i t h   t h i s   h i g h   s p e e d  

s t r e a m   and  t e n d s   s t r o n g l y   to  s t a b i l i z e   t h e   s h a p e   of  t h e   v e n a  

c o n t r a c t a   d o w n s t r e a m   of  t h e   t h r o t t l e   p l a t e   i n d e p e n d e n t l y   o f  

Mach  Number .   I t   has   b e e n   f o u n d   e x p e r i m e n t a l l y   a t   S o u t h w e s t  

R e s e a r c h   I n s t i t u t e   t h a t   a  t h r o t t l e   p l a t e   l i k e   t h r o t t l e   42  i s  

e s s e n t i a l l y   Mach  Number   and  R e y n o l d s   Number   i n s e n s i t i v e   f o r   a l l  

t h e   m a n i f o l d   v a c u u m s   w h i c h   o c c u r   a t   e a c h   a n g l e   of  t h r o t t l e   o -  

p e n i n g .   When  t he   t h r o t t l e   i s   n e a r l y   o p e n ,   maximum  Mach  N u m b e r s  

may  n o t   be  h i g h e r   t h a n   .3 ,   w h i l e   t he   Mach  Number  r a n g e   p a s t   t h e  

t h r o t t l e   p l a t e   w i l l   v a r y   f rom  Mach  1  to  p e r h a p s   Mach  .2  w h e n  

t h e   t h r o t t l e   is   more   n e a r l y   c l o s e d .   S h a p i n g   the   a i r   t h r o t t l e  

f o r   Mach  and  R e y n o l d s   Number   i n s e n s i t i v i t y   is   i m p o r t a n t   f o r  

t h e   p r a c t i c a l   p e r f o r m a n c e   of  t he   p r e s e n t   i n v e n t i o n   m e t e r i n g  

s y s t e m .   For  c o n v e n t i o n a l   f l a t   t h r o t t l e   p l a t e s ,   t he   v a r i a t i o n  

of  c o e f f i c i e n t   of  d i s c h a r g e   w i t h   Mach  Number   is   a r o u n d   30  p e r -  
c e n t   and  t h i s   v a r i a t i o n   e n t a i l s   an  u n a c c e p t a b l e   30  p e r c e n t   v a r -  

i a t i o n   in  a i r   f u e l   r a t i o   f rom  t h e   m e t e r i n g   s y s t e m .  

F i g u r e   3  a l s o   shows  an  e x t r e m e l y   i n e x p e n s i v e   and  e x a c t l y  

a n a l y t i c   s y s t e m   f o r   e n r i c h i n g   the   m i x t u r e   u n d e r   c o n d i t i o n s   o f  

v e r y   low  m a n i f o l d   v a c u u m   o p e r a t i o n .   C o n n e c t i n g   Rod  98  has  o n e  

end  a t   t h e   p r e s s u r e   of  c h a m b e r   88,  and  t h e   o t h e r   end  a t   t h e  

t y p i c a l l y   much  l o w e r   p r e s s u r e   of  c h a m b e r   49,  so  t h a t   a  r i g h t -  

ward   e r r o r   f o r c e   i s   p r o d u c e d   by  con  rod   98  e q u a l   to  t h e   c r o s s  

s e c t i o n a l   a r e a   of  con  rod   98  t i m e s   t he   p r e s s u r e   d i f f e r e n c e   b e -  

t w e e n   c h a m b e r s   88  and  49.  H o w e v e r ,   c o n n e c t i n g   rod  70  is  a l s o  

a t   t h e   p r e s s u r e   of  c h a m b e r   88,  s i n c e   i t   c o m m u n i c a t e s   w i t h   c h a m -  

b e r   88  t h r o u g h   p a s s a g e   87.  T h e r e   is  t h e r e f o r e   a  l e f t w a r d   f o r c e  

on  c o n n e c t i n g   rod  70  e q u a l   to  t he   c r o s s   s e c t i o n a l   a r e a   of  c o n  

rod   70  t i m e s   the   p r e s s u r e   d i f f e r e n c e   b e t w e e n   c h a m b e r   88  a n d  

c h a m b e r   64.  The  p r e s s u r e   d i f f e r e n t i a l   b e t w e e n   c h a m b e r   49  a n d  

and  c h a m b e r   64  is   t y p i c a l l y   much  s m a l l e r   t h a n   the   p r e s s u r e  



d i f f e r e n t i a l   b e t w e e n   e i t h e r   c h a m b e r   and  c h a m b e r   8 8 .  

I f   t h e   c r o s s   s e c t i o n a l   a r e a s   of   con  rod   99  and  c o m p e n -  

s a t i n g   r o d   70  w e r e   m a t c h e d ,   t h e s e   e f f e c t s   w o u l d   c a n c e l   and  t h e  

f o r c e   on  p i s t o n   95  w o u l d   be  v e r y   c l o s e l y   p r o p o r t i o n a l   to   t h e  

p r e s s u r e   d r o p   a c r o s s   o r i f i c e   48.  H o w e v e r ,   i f   c o m p e n s a t i n g   r o d  

70  has   l a r g e r   d i a m e t e r   t h a n   c o n n e c t i n g   rod   99,  as  h a p p e n s   i n  

F i g u r e   3,  t h e r e   i s   an  e x t r a   l e f t w a r d   f o r c e   due  to   t h e   o v e r s i z e  

of   rod   70  and  t h e   r e l a t i o n   b e t w e e n   f u e l Δ s   and  a i r  Δ ρ   b e c o m e s  

as  f o l l o w s :  

T h i s   m e a n s  

T h i s   r e l a t i o n   i s   c o n v e n i e n t ,   and  p r o v i d e s   an  a u t o m a t i c   e n r i c h -  

ment   of  t h e   m i x t u r e   a t   v e r y   low  i n t a k e   m a n i f o l d   v a c u u m s .   When 

t h e   Mach  Number   a c r o s s   t h e   a i r   t h r o t t l e   and  a c r o s s   o r i f i c e   48 

i s   l a r g e ,   t h e   e f f e c t   of  con  r o d   70  o v e r s i z e   i s   n e g l i g i b l e ,   b u t  

as  v e l o c i t i e s   p a s t   t h e   a i r   t h r o t t l e   d e c r e a s e ,   p r e s s u r e   d r o p s  

a c r o s s   o r i f i c e   48  d e c l i n e   as  t h e   s q u a r e ,   so  t h a t   a t   low  m a n i -  

f o l d   v a c u u m s   t h e   l e f t w a r d   f o r c e   of  con  rod   70  b e c o m e s   s i g n i f i -  

c a n t .   I t   can   be  r e a d i l y   a r r a n g e d   f o r   t h e   s i z i n g   of  con  r o d  

99  and  c o m p e n s a t i n g   rod   70  to  be  s u c h   as  to  p r o d u c e   s i g n i f i c a n t  

e n r i c h m e n t   o n l y   a t   v e r y   low  i n t a k e   m a n i f o l d   v a c u u m s   ( f o r   e x a m -  

p l e   one  i n c h   of   m e r c u r y   or  l e s s ) .   The  power   e n r i c h m e n t   f u n c -  

t i o n   w h i c h   o c c u r s   b e c a u s e   of  m i s m a t c h   of  d i a m e t e r s   of   r o d s   99 

and  70  can  be  c a l c u l a t e d   e x a c t l y ,   and  i s   i n e x p e n s i v e   and  c o n -  

v e n i e n t .   Fo r   a p p l i c a t i o n s   w h e r e   an  e x t r e m e l y   f l a t   a i r   f u e l  

r a t i o   i s   d e s i r e d   o v e r   t h e   f u l l   r a n g e   of   i n t a k e   m a n i f o l d   v a c u u m s  
i t   i s   of   c o u r s e   d e s i r a b l e   to   m a t c h   t h e   d i a m e t e r s   of   r o d s   99  a n d  

70.  For   s u c h   a  s y s t e m   c o m p e n s a t i n g   n e e d l e   60  in  o r i f i c e   48  

w o u l d   l i k e w i s e   be  u n n e c e s s a r y .  

F i g u r e   3  shows  as  many  d e t a i l s   of  t h e   p r e s e n t   i n v e n t i o n  

m e t e r i n g   s y s t e m   as  can   be  r e a d i l y   p l a c e d   in  one  d r a w i n g .   T h e r e  

a r e   d e t a i l s   w h i c h ,   b e c a u s e   of  g r a p h i c s ,   w e r e   n o t   shown .   T h e  

p i c k u p   of  u p s t r e a m   a i r   a t   46  and  t h e   p a s s a g e s   f e e d i n g   t h e   a i r  

o r i f i c e   48  a r e   t o o   s m a l l ,   and  t h e   p i c k u p   a t   46  w i l l   n o t   p i c k  

up  a i r   a t   t r u e   u p s t r e a m   s t a g n a t i o n   p r e s s u r e .   T h i s   i m p o s e s   a n  

e r r o r ,   b u t   one  s k i l l e d   in  f l u i d   m e c h a n i c s   can  r e a d i l y   d e s i g n  

an  p i c k u p   a n a l o g o u s   to   46  w h i c h   d o e s   r e a d   a p p r o x i m a t e l y   s t a g -  

n a t i o n   p r e s s u r e   u p s t r e a m   of  t h e   t h r o t t l e   p l a t e .   For   many  p u r -  

p o s e s ,   a  p i c k u p   in   t h e   a i r   c l e a n e r   p a s s a g e   (no t   shown)  w i l l  



r e a d   an  e x c e l l e n t   a p p r o x i m a t i o n   of  u p s t r e a m   s t a g n a t i o n   p r e s s u r e .  

In  t h i s   c a s e   as  in  a l l   o t h e r s   t h e   d i f f e r e n c e   b e t w e e n   s t a g n a t i o n  

and  s t a t i c   p r e s s u r e   b e c o m e s   i n s i g n i f i c a n t   as  v e l o c i t i e s   b e c o m e  

v e r y   s m a l l .   An  a n a l o g o u s   a r g u m e n t   can  be  made  w i t h   r e s p e c t   t o  

e r r o r s   in  t he   p r e s s u r e   in  c h a m b e r   100  due  to  t he   p l a c e m e n t   o f  

p i c k u p   104  in  t he   f u e l   l i n e .   T h e s e   e r r o r s   can  be  v e r y   s m a l l  

i n d e e d   i f   t h e   c r o s s   s e c t i o n a l   a r e a   of  p a s s a g e   84  i s   v e r y   m u c h  

l a r g e r   t h a n   t h e   f l o w   c r o s s   s e c t i o n a l   a r e a   of  t he   f u l l y   o p e n e d  

s l o t t e d   v a l v e   80.  A n a l o g o u s l y ,   i t   i s   u s e f u l   to  have   t he   c r o s s  

s e c t i o n a l   a r e a   in  p a s s a g e   86  v e r y   much  l a r g e r   t h a n   t h e   m a x i m u m  

c r o s s   s e c t i o n a l   a r e a   of  a  f u l l y   o p e n e d   v a l v e   8 0 .  

F i g u r e   4  shows  a  two  o r i f i c e   in  s e r i e s   f l o w   s y s t e m   w h i c h  

c o r r e s p o n d s   c l o s e l y   to  t h a t   in  a  m e t e r i n g   s y s t e m   d e v e l o p e d   b y  

t he   i n v e n t o r s ,   and  p a r t i c u l a r l y   shows  o r i f i c e   s h a p e s   h a v i n g  

c o e f f i c i e n t s   of  d i s c h a r g e   w h i c h   a r e   i n s e n s i t i v e   to   e i t h e r   R e y -  

n o l d s   Number  or  Mach  Number  c h a n g e   in  t h e   o p e r a t i n g   r a n g e   o f  

t h e   s y s t e m .   B l o c k   145  i s   p r o v i d e d   w i t h   c h a m b e r   146 ,   w h i c h   h a s  

a  v e r y   l a r g e   c r o s s   s e c t i o n a l   a r e a   w i t h   r e s p e c t   to  o r i f i c e   1 4 8 ,  

w h i c h   c o r r e s p o n d s   to  o r i f i c e   48  in  F i g u r e   3  and  o r i f i c e   5  i n  

F i g u r e   1.  A  c o n t r o l   n e e d l e   160  p a r t l y   b l o c k s   o f f   t he   c r o s s  

s e c t i o n a l   a r e a   of  o r i f i c e   148.   Flow  p a s t   o r i f i c e   148  f l o w s  

i n t o   c h a m b e r   149 ,   and  i t   can  be  s e e n   t h a t   t he   c r o s s   s e c t i o n  

d i r e c t l y   d o w n s t r e a m   of  o r i f i c e   148  e x p a n d s   v e r y   s u d d e n l y   so  a s  

to  e s s e n t i a l l y   e l i m i n a t e   p r e s s u r e   r e c o v e r y   of  t he   f l o w   d o w n -  

s t r e a m   o r i f i c e   148 .   The  s m o o t h l y   c o n v e r g e n t   s h a p e   of  o r i f i c e  

148,   w i t h   i t s   l a r g e   u p s t r e a m   p a s s a g e   and  s u d d e n   e x p a n s i o n   d o w n -  

s t r e a m   p r o d u c e s   an  o r i f i c e   w h i c h   has   a  c o e f f i c i e n t   of  d i s c h a r g e  

w h i c h   i s   e x t r e m e l y   c o n s t a n t   so  t h a t   t h e   mass   f l o w   p a s t   o r i f i c e  

148  o b e y s   i t s   t h e o r e t i c a l   f l o w   e q u a t i o n   to  e x c e l l e n t   a c c u r a c y .  
O r i f i c e   148  i s   i n s e n s i t i v e   to  R e y n o l d s   Number  b e c a u s e   t he   s h a p e  

of  o r i f i c e   148  c o n s t r a i n s   t he   f l o w   s t r e a m l i n e s   in  a  p a t t e r n  

wh ich   i s   e s s e n t i a l l y   i n v a r i e n t   o v e r   t h e   r a n g e   of  p r e s s u r e   d r o p s  

r e l e v a n t   to  o r i f i c e   148.  The  f l o w   p a t t e r n   d o w n s t r e a m   of  o r i -  

f i c e   148  is   a l s o   e f f e c t i v e l y   u n i f o r m   o v e r   t he   r a n g e   of  f l o w s  

r e l e v a n t   to   t he   o r i f i c e .   Chamber   149  i s   a n a l o g o u s   to  c h a m b e r  

49  in  F i g u r e   3  and  p a s s a g e   6  in  F i g u r e   1.  Chamber   149  i s   s u f -  

f i c i e n t l y   l a r g e   and  s u f f i c i e n t l y   open  so  t h a t   t he   f l o w   c o n d i -  

t i o n   of  t he   f l o w   in  t.ze  c h a m b e r   as  i t   a p p r o a c h e s   d o w n s t r e a m  



o r i f i c e   150  i s   q u i t e   u n i f o r m .   O r i f i c e   150  i s   a n a l o g o u s   t o  o r i -  

f i c e   7  in  F i g u r e   1,  and  c o n n e c t s   c h a m b e r   149  w i t h   c h a m b e r   1 5 1 ,  

w h i c h   c h a m b e r   i s   c o n n e c t e d   so  t h a t   i t   i s   a t   t h e   s t a t i c   d o w n -  

s t r e a m   p r e s s u r e   d i r e c t l y   d o w n s t r e a m   of  t h e   a i r   t h r o t t l e .   T h e  

c u r v a t u r e   of   o r i f i c e   150  i s   a l s o   s u c h   as  to   p r o d u c e   an  e x t r e m e -  

ly  c o n s t a n t   c o e f f i c i e n t   of  d i s c h a r g e ,   and  t h e   c r o s s   s e c t i o n a l  

a r e a   of  o r i f i c e   150  i s   c o n t r o l l e d   w i t h   c o n t r o l   n e e d l e   152.   A x -  

i a l   m o t i o n   of   e i t h e r   n e e d l e   160  or  152  w i l l   c h a n g e   t h e   a i r   f u e l  

r a t i o  o f   a  m e t e r i n g   s y s t e m   c o n n e c t e d   to   t h e   f l o w   b l o c k   of   F i g u r e  

4.  I t   s h o u l d   be  n o t e d   w i t h   r e s p e c t   to   o r i f i c e   150  t h a t   t h e   u p -  

s t r e a m   f l o w   i s   open   and  c l e a n l y   c o n v e r g i n g ,   and  t h e   f l o w   f r o m  

o r i f i c e   150  f l o w s   i n t o   a  v e r y   e x p a n d e d   c r o s s   s e c t i o n a l   a r e a   o f  

c h a m b e r   151 .   O r i f i c e   150  i s   d e s i g n e d   to   h a v e   a  c o e f f i c i e n t   o f  

d i s c h a r g e   of   n e a r l y   o n e ,   w h i c h  m e a n s  t h a t   t h e   min imum  c r o s s  

s e c t i o n a l   a r e a   of  t h e   f l o w   s t r e a m l i n e s   o c c u r s   q u i t e   n e a r   t h e  

o u t l e t   p l a n e   of   o r i f i c e   150  r a t h e r   t h a n   f a r t h e r   d o w n s t r e a m .  

O r i f i c e s   w i t h   c o e f f i c i e n t s   of  d i s c h a r g e   n e a r l y   one  and  n o  

d i v e r g e n t   s e c t i o n s   a r e   a u t o m a t i c a l l y   i n s e n s i t i v e   to  Mach  Num- 

b e r ,   s i n c e   c o m p r e s s i b i l i t y   e f f e c t s   c a n n o t   c h a n g e   t h e   s h a p e   o f  

t h e i r   f l o w   s t r e a m l i n e s .   The  s h a p e   of  o r i f i c e   150  s h o u l d   b e  

c a r e f u l l y   c o o r d i n a t e d   w i t h   t h e   r e l a t i v e l y   n a r r o w   t a p e r   a n g l e  

of  n e e d l e   152  to   a s s u r e   t h a t ,   f o r   t he   r a n g e   of  n e e d l e   a x i a l   p o -  

s i t i o n   r e l e v a n t   to   t h e   s y s t e m ,   t he   o r i f i c e   150  i s   a l w a y s   a  c o n -  

v e r g e n t   o r i f i c e ,   and  n e v e r   b e c o m e s   a  c o n v e r g e n t   d i v e r g e n t   p a s -  

s a g e   b e c a u s e   of   t h e   i n t e r a c t i o n   of  t h e   a r e a s   of  t h e   n e e d l e   1 5 2  

and  o r i f i c e   150 .   I f   o r i f i c e   1 5 0 - 1 5 2   b e c a m e   c o n v e r g e n t   d i v e r -  

g e n t ,   t h e   f l o w   of  a i r   p a s t   o r i f i c e   150  w o u l d   d e p a r t   a p p r e c i a b l y  

f rom  t h e   c o m p r e s s i b l e   f l o w   e q u a t i o n   f o r   w h i c h   t h e   m e t e r i n g   s y s -  

tem  i s   d e s i g n e d .   One  can   be  a s s u r e d   of  s m o o t h   c o n v e r g e n c e   i n  

a  s y s t e m   s u c h   as  o r i f i c e   150  w i t h   n e e d l e   152  i f   t he   m i n i m u m  

c o n v e r g e n c e   a n g l e   of  o r i f i c e   150  i s   t h e   same  as  t h e   a p e x   a n g l e  

of  n e e d l e   152 .   The  two  o r i f i c e   in  s e r i e s   s y s t e m   of  F i g u r e   4 

has   o r i f i c e s   w h i c h   o b e y   t h e o r e t i c a l   f l o w   e q u a t i o n s   to  an  e x -  

t r e m e l y   h i g h   d e g r e e   of   a c c u r a c y .  

The  f u n c t i o n   o f   t h e   m e t e r i n g   s y s t e m   r e q u i r e s   t h a t   t h e  

a i r   t h r o t t l e   and  f u e l   c o n t r o l   v a l v e   be  a r r a n g e d   so  t h a t   t h e  

e f f e c t i v e   f l o w   a r e a s   of   t h e   a i r   t h r o t t l e   and  f u e l   v a l v e   s t a y  

in  a  f i x e d   and  p r o g r a m m e d   p r o p o r t i o n   as  t h e   a i r   and  f u e l   v a l v e s  



open   and  c l o s e .   F i g u r e s   5,  5A,  and  5B  i l l u s t r a t e   how  t h i s   i s  

d o n e ,   and  show  an  a r r a n g e m e n t   w h e r e   t he   p r o j e c t e d   open   f l o w  

a r e a   of  t he   f u e l   v a l v e   i s   p r o p o r t i o n a l   to  t h e   p r o j e c t e d   o p e n  

a r e a   of  t h e   a i r   t h r o t t l e   v a l v e   w i t h   b o t h   p r o j e c t e d   a r e a s   v a r y -  

ing   a c c o r d i n g   to   t h e   s i m p l e   t r i g o n o m e t r i c   e q u a t i o n  

R e f e r r i n g   to  F i g u r e   5,  a  r e c t a n g u l a r l y   s l o t t e d   s h a f t   1 6 0  

r i d e s   in  a  c l o s e l y   f i t t e d   r e c e i v e r   s l e e v e   162  h a v i n g   g e n e r a l l y  

r e c t a n g u l a r   f l o w   p a s s a g e s   in  i t ,   and  s l o t t e d   s h a f t   160  i s   o n e  

p a r t   of  t he   t h r o t t l e   s h a f t   w h i c h   a l s o   a c t u a t e s   t h e   a i r   t h r o t t l e  

shown  in  p h a n t o m   l i n e s   as  172.   The  f low  in  t h e   f u e l   v a l v e   i s  

f rom  l e f t   to  r i g h t ,   and  s u r f a c e   164  fo rms   a  s m o o t h l y   c o n v e r g e n t  

p a s s a g e   s h a p e   w h i c h   w i l l   be  c h a r a c t e r i z e d   by  e x c e p t i o n a l l y   t h i n  

b o u n d a r y  l a y e r s   b e c a u s e   of  t h e   r a p i d   c h a n g e   in  s t a t i c   p r e s s u r e  
of  t he   f l o w   s t r e a m l i n e s   as  t h e y   f l o w   t o w a r d s   t h e   gap  b e t w e e n  

p l u g   s l o t   160  and  b o t t o m   s u r f a c e   166  of  s l e e v e   162 .   The  t r i -  

g o n o m e t r i c   r e l a t i o n   of  t h e   o p e n i n g   gap  a r e a   to  t w i s t   a n g l e   <9 

is   e x a c t l y   p r o p o r t i o n a l   to  t h e   r e l a t i o n   of  t h e   gap  b e t w e e n  

t h r o t t l e   172  and  a i r   p a s s a g e   s u r f a c e   174  shown  in  p h a n t o m   l i n e s ,  

and  i t   i s   e a s y   to   a r r a n g e   t h i n g s   so  t h a t   t he   p r o j e c t e d   f l o w  

a r e a   of  b o t h   v a l v e s   v a r i e s   in  e x a c t   p r o p o r t i o n .   As  has   a l r e a d y  

been   d i s c u s s e d ,   t he   s h a p e   of  a i r   t h r o t t l e   172  i s   s u c h   t h a t   t h e  

c o e f f i c i e n t   of  d i s c h a r g e   of  a i r   t h r o t t l e   172  i s   e x t r e m e l y   i n -  

s e n s i t i v e   to  v a r i a t i o n s   in  Mach  Number  and  R e y n o l d s   Number  a -  

c r o s s   t h i s   t h r o t t l e .   I t   is   r e q u i r e d   t h a t   t he   c o e f f i c i e n t   o f  

d i s c h a r g e   as  a  f u n c t i o n   of  s h a f t   a n g l e   of  t he   v a l v e   f o r m e d   b y  

160  and  162  a l s o   be  c h a r a c t e r i z e d   by  an  i n s e n s i t i v i t y   of  c o e f -  

f i c i e n t   of  d i s c h a r g e   to  v a r i a t i o n s   in  p r e s s u r e   d r o p   (and  h e n c e  

R e y n o l d s   Number)   a c r o s s   t h i s   v a l v e .   B e c a u s e   t h e   f u e l   f l o w  

v a l v e   h a n d l e s   an  i n c o m p r e s s i b l e   f l u i d ,   Mach  n u m b e r   i s   n o t   r e -  

l e v a n t ,   b u t   R e y n o l d s   Number  i r . s e n s i t i v i t y   m a t t e r s .  

The  f l o w   s h a p i n g   d e t a i l s   on  t he   f u e l   v a l v e   r e q u i r e d   t o  

a c h i e v e   R e y n o l d s   Number  i n s e n s i t i v i t y   and  a l s o   to  p r o g r a m   t h e  

c o e f f i c e i n t   d i s c h a r g e   of  t he   u e l   v a l v e   as  a  f u n c t i o n   of  r o t a -  

t i o n   to  t he   d e s i r e d   r e l a t i o n   with  t he   a i r   v a l v e   i s   shown  i n  

F i g u r e s   5  w i t h   s e c t i o n   F i g u r e :   5A  t a k e n   on  s e c t i o n   AA  and  F i g -  

u re   5B  t a k e n   on  s e c t i o n   BB.  f i g u r e   5A  is   a  v i e w   f rom  t he   i n l e t  

p a s s a g e .   F u e l   f rom  a  r e l a t i v e  L y   l a r g e  i n l e t  p a s s a g e  1 7 9   f l o w s  



i n t o   t h e   g e n e r a l l y   r e c t a n g u l a r   p a s s a g e   of  s l e e v e   162  t h r o u g h  

r o u n d i n g   e n t r a n c e   c u r v a t u r e   176 ,   and  f l o w s   t h r o u g h   t h e   r e c t a n -  

g u l a r   p a s s a g e   u n t i l   i t   c o n t a c t s   c o n v e r g e n t   s u r f a c e   164,   p a s s i n g  

t h r o u g h   t h e   gap  b e t w e e n   s u r f a c e   166  and  164  w h i c h   f o r m s   t h e  

p r o j e c t e d   f l o w   a r e a   of  t h e   v a l v e .   A  n u m b e r   of   i s s u e s   i l l u s t r a -  

t e d   in   F i g u r e   5A  a r e   i m p o r t a n t .   F i r s t   of  a l l ,   t h e   r e l a t i v e l y  

l a r g e   a r e a   of   t h e   p a s s a g e   179  i s   i m p o r t a n t .   B e c a u s e   of  t h i s  

l a r g e   a r e a ,   v e l o c i t i e s   in   p a s s a g e   179  a r e   s m a l l ,   and  t h e r e f o r e  

t h e   d i f f e r e n c e   b e t w e e n   s t a g n a t i o n   p r e s s u r e s   and  s t a t i c   p r e s -  

s u r e s   s h r i n k s   to   i n s i g n i f i c a n c e .   The  u p s t r e a m   p r e s s u r e   t a p   f o r  

t h e   f u e l   r e g u l a t o r   p i s t o n   a s s e m b l y ,   f o r   e x a m p l e   t a p   104  in   F i g -  

u re   3  s h o u l d   be  in   s u c h   a  l a r g e   s e c t i o n   so  t h a t   t h e   p r e s s u r e  

p i c k u p   w i l l   s ee   p r e s s u r e   c l o s e l y   a p p r o x i m a t i n g   s t a g n a t i o n   p r e s -  

s u r e   a t   s u r f a c e   164 .   A n o t h e r   i m p o r t a n t   i s s u e   i s   t h e   r o u n d e d  

c u r v a t u r e   of   e n t r a n c e   s u r f a c e s   176 ,   w h e r e   t h e   f l o w   g o e s   f r o m  

t h e   much  l a r g e r   p a s s a g e   to   t h e   r e c t a n g u l a r   s l o t   l e a d i n g   to   s u r -  

f a c e   164 .   When  t h e   f u e l   v a l v e   i s  o p e r a t e d   a t .  a n g l e s   w h i c h   a r e  

r e l a t i v e l y   c l o s e d ,   t h e   p r e s s u r e   d r o p   a c r o s s   t h i s   e n t r a n c e   s e c -  

t i o n   i s   r e l a t i v e l y   i n s i g n i f i c a n t ,   b u t   t h e   p r e s s u r e   d r o p   a t   t h e  

e n t r a n c e   s u r f a c e s   176  and  d i r e c t l y   d o w n s t r e a m   of   them  b e c o m e s  

q u i t e   s i g n i f i c a n t   as  t h e   v a l v e   o p e n s .   When  t h e   v a l v e   i s   i n  

r e l a t i v e l y   open   c o n d i t i o n ,   i t   b e h a v e s   as  two  o r i f i c e s   in  s e r i e s ,  

t h e   f i r s t   b e i n g   t h e   f i x e d   o r i f i c e   f o r m e d   by  c u r v e d   s u r f a c e s   1 7 6  

and  t h e   s e c o n d   b e i n g   t h e   o r i f i c e   f o r m e d   f o r   t h e   gap  b e t w e e n  

s u r f a c e   166  and  t h e   end  p o i n t   of   s u r f a c e   164  on  s l o t t e d   s h a f t  

160.   By  c h a n g i n g   t h e   c u r v a t u r e   of  c u r v e d   s u r f a c e   176 ,   i t   i s  

t h e r e f o r e   p o s s i b l e   to   c h a n g e   t h e   c o e f f i c i e n t   of   d i s c h a r g e   ( a n d  

t h e r e f o r e   t h e   e f f e c t i v e   f l o w   a r e a )   of  t h e   v a l v e   of   F i g u r e   5  a s  

a  f u n c t i o n   of  s h a f t   r o t a t i o n .   T h i s   m u s t   be  done   e m p i r i c a l l y ,  

bu t   i t   i s   r e l a t i v e l y   c o n v e n i e n t   to  s h a p e   t h e   r o u n d e d   s u r f a c e s  

of  176  in   s u c h   a  way  t h a t   t h e   c o e f f i c i e n t   of   d i s c h a r g e   of  t h e  

f u e l   v a l v e   and  t h e   a i r   t h r o t t l e   m a t c h   c l o s e l y   a t   a l l   v a l u e s   o f  

s h a f t   a n g l e .   In  t h e   m a t h e m a t i c a l   w r i t e - u p   w h i c h   f o l l o w s   t h e  

p o i n t   i s   made  t h a t   v a r i a t i o n s   f o r   p r e s s u r e   t a p   p o s i t i o n   a n d  

o t h e r   p r o b l e m s   may  be  c o m p e n s a t e d   by  c h a n g i n g   t h e   r a t i o   of  c o -  

e f f i c i e n t   of  d i s c h a r g e   b e t w e e n   t he   a i r   v a l v e   and   f u e l   v a l v e   i n  

a  c o n t r o l l e d   way  as  a  f u n c t i o n   of  s h a f t   a n g l e .   I t   i s   by  c h a n g -  

ing   t h e   c u r v a t u r e   of   s u r f a c e s   176  t h a t   t h i s   may  be  m o s t   c o n v e n -  



i e n t l y   a c c o m p l i s h e d .  

R e y n o l d s   Number  i n s e n s i t i v i t y   of  t he   f u e l   v a l v e   a l s o   r e -  

q u i r e s   t h a t   t he   f l o w   c o n d i t i o n s   d o w n s t r e a m   of  t h e   v a l v e   be  p r o -  

p e r l y   c o n t r o l l e d .   F i g u r e s   5B  in  c o m b i n a t i o n   w i t h   F i g u r e   5 

shows  how  t h i s   can  be  done  c o n v e n i e n t l y .   As  s l o t t e d   s h a f t   1 6 0  

r o t a t e s   c o u n t e r c l o c k w i s e   in  F i g u r e   5  t he   f u e l   v a l v e   o p e n s   a n d  

t h e r e   is   a  gap  b e t w e e n   s u r f a c e   166  and  s u r f a c e   164  t h r o u g h  

w h i c h   f u e l   p a s s e s .   The  h i g h   v e l o c i t y   f u e l   t h r o u g h   t h i s   g a p  
r u s h e s   d o w n s t r e a m ,   and  i t   i s   d e s i r a b l e   to  d i s s i p a t e   t h e   v e l o -  

c i t y   of  t h i s   f l o w   i n t o   t u r b u l e n c e   w i t h   minimum  p r e s s u r e   r e c o v -  

e ry   i f   t he   f u e l   v l a v e   is   to  show  o p t i m a l   R e y n o l d s   Number  i n s e n -  

s i t i v i t y .   For  s m a l l   v a l u e s   of  t h r o t t l e   o p e n i n g   t h i s   i s   a l m o s t  

a u t o m a t i c   b u t   t he   p r o b l e m   b e c o m e s  m o r e   d i f f i c u l t   as  t h e   t h r o t -  

t l e   v a l v e s   o p e n .   R e y n o l d s   Number   i n s e n s i t i v i t y ,   and  m i n i m u m  

p r e s s u r e   r e c o v e r y ,   a r e   a c h i e v e d   by  t h e   mos t   s u d d e n   c o n v e n i e n t  

e x p a n s i o n   of  t h e   f u e l   in  t h e   d o w n s t r e a m   s e c t i o n ,   and  by  a r r a n g -  

ing   f l o w   p a t t e r n s   to  p r e v e n t   w a l l   a t t a c h e d   s t r e a m s   f rom  f o r m i n g .  

C o a n d a   w a l l   a t t a c h e d   s t r e a m s   s h o u l d   be  a v o i d e d   s i n c e   such   a t -  

t a c h e d   s t r e a m s   a re   c o n d u c i v e   to   l a r g e r   v a l u e s   of  p r e s s u r e   r e -  

c o v e r y   t h a n   o t h e r w i s e   o c c u r   d o w n s t r e a m   of  t h e   f u e l   v a l v e .   Down-  

s t r e a m   of  s u r f a c e   166  i s   c u t a w a y   s u r f a c e   170  w h i c h   a s s u r e s   t h a t  

t h e   h i g h   v e l o c i t y   f l o w   s t r e a m   c a n n o t   a t t a c h   to  t he   l o w e r   w a l l  

of  t he   d o w n s t r e a m   p a s s a g e .   The  h i g h   v e l o c i t y   j e t   f rom  the   f u e l  

v a l v e   e x p a n d s   r a p i d l y ,   and  t h e   p a s s a g e   f rom  t h e   r e c t a n g u l a r  

p a s s a g e   184  to  open  p a s s a g e   186  i s   a l s o   an  a b r u p t   o p e n i n g   c o n -  

d u c i v e   to  s m a l l   or  z e r o   p r e s s u r e   r e c o v e r y .   In  o r d e r   to  r e d u c e  

p r e s s u r e   r e c o v e r y   f u r t h e r ,   i t   i s   d e s i r a b l e   t h a t   t he   a x i a l   w i d t h  

of  p a s s a g e   184  be  i n c r e a s e d   b e y o n d   t h a t   shown  in  t he   d r a w i n g ,  

a l t h o u g h   t h i s   is   u s u a l l y   n o t   n e c e s s a r y   f o r   o r d i n a r y   s y s t e m   a c -  

c u r a c y .   Wi th   the   s u d d e n   e x p a n s i o n s ,   the   f l u i d   p r e s s u r e   i n  

l a r g e   p a s s a g e   186  b e c o m e s   v e r y   c l o s e   to  t he   vena   c o n t r a c t a  

s t a t i c   p r e s s u r e   f o r   w h i c h   t h e   f u e l   f low  e q u a t i o n   is   e x a c t l y   d e -  

f i n e d .   T h i s   minimaL  p r e s s u r e   r e c o v e r y   is   c o n v e n i e n t   f rom  a  

c o n t r o l   p o i n t   of  v i e w ,   b e c a u s e   i t   p e r m i t s   t he   e n t i r e   f u e l   f l o w  

p a s t   t h e   f u e l   va lv , :   to  be  u s e d   as  t he   p r e s s u r e   r e g u l a t i n g   p r e s -  

s u r e   r e f e r e n c e   f l o ' , .   R e f e r r i n g   to  F i g u r e   3  f o r   c o n t e x t ,   t h e  

p r e s s u r e   in  p a s s a g :   88  and  d i r e c t l y   u p s t r e a m   of  p i s t o n   v a l v e   95  

w i l l   be  v e r y   c l o s e   to  t he   s t a t i c   vena   c o n t r a c t a   p r e s s u r e   d o w n -  



s t r e a m   of  t he   f u e l   v a l y e .   The  a d v a n t a g e   of  t h i s   w i l l   be  c l a r -  

i f i e d   in  t he   f o l l o w i n g   m a t h e m a t i c a l   w r i t e - u p .   In  s u m m a r y ,   F i g -  

u r e s   5,  5A  and  5B  show  a  f u e l   v a l v e   w i t h   a  p r o j e c t e d   open   a r e a  

w h i c h   v a r i e s   in  p r e c i s e   p r o p o r t i o n   w i t h   t h e   p r o j e c t e d   open   a r e a  

of  t h e   a i r   t h r o t t l e   v a l v e ,   t h e   f u e l   v a l v e   i s   b u l i t   f o r   an  e x -  

t r e m e l y   c o n s t a n t   c o e f f i c i e n t   of  d i s c h a r g e   o v e r   t h e   r a n g e   o f  

R e y n o l d s   N u m b e r s   a c r o s s   w h i c h   i t   m u s t   o p e r a t e ,   and  t h e   s h a p i n g  

of   c u r v a t u r e s   176  in   t h e   v a l v e   p e r m i t s   t h e   c o e f f i c i e n t   of   d i s -  

c h a r g e   of  t he   f u e l   v a l v e   in   r e l a t i o n   to   t h e   a i r   v a l v e   to   b e  

p r o g r a m m e d   as  any  d e s i r a b l e   f u n c t i o n   of   s h a f t   a n g l e  @  .  

In  F i g u r e s   3  and  5  s i d e   v i e w s   of  Mach  Number   i n s e n s i t i v e  

r e c t a n g u l a r   a i r   t h r o t t l e   have   b e e n   shown .   F i g u r e   6  shows  a  

v i ew   of  t he   d o w n s t r e a m   s i d e   of  t h e   t h r o t t l e   p l a t e   of  F i g u r e   3 ,  

s h o w i n g   a  n o t c h e d   s e c t i o n   f o r   t he   i d l e   a i r   f l o w   of  t h e   s y s t e m .  

T h r o t t l e   42  i s   a d a p t e d   to   p i v o t   on  a  s h a f t   f i t t i n g   t h r o u g h   h o l e  

192,   shown  in  d a s h e d   l i n e s .   As  t h e   t h r o t t l e   p i v o t s   o p e n ,   t h e  

open   a r e a   b e t w e e n   e d g e   194  and  t h e   l e f t   s i d e   of   t h e   r e c t a n g u l a r  

p a s s a g e   in  w h i c h   t h e   a i r   t h r o t t l e   p i v o t s   o p e n s   f o r   a i r   f l o w .  

When  t he   t h r o t t l e   i s   f u l l y   c l o s e d ,   t h e r e   i s   s t i l l   n eed   f o r   a  

minimum  i d l e   a i r   f l o w   and  t h i s   i d l e   f l o w   p a s s e s   t h r o u g h   n o t c h  

195 ,   wh ich   i s   a d a p t e d   to   p r o d u c e   a  s t a b l e   w a l l   a t t a c h e d   s t r e a m  

a i r   f l o w   d o w n s t r e a m   of   t h e   n o t c h .   T h i s   h i g h   s p e e d   s t r e a m   i s  

u s e f u l   f o r   d o w n s t r e a m   m i x i n g   p u r p o s e s .  

F i g u r e   7  i s   a  v i e w   of  t he   f u e l   i n p u t   p a s s a g e   shown  a t  

111  and  112  of  F i g u r e   3,  s h o w i n g   how  t h e   a x i a l   d i s t r i b u t i o n   o f  

f u e l   i n t o   t h e   h i g h   s p e e d   a i r   s t r e a m   p a s t  t h e   a i r   t h r o t t l e   i s  

a c h i e v e d ,   and  how  t h i s   d i s t r i b u t i o n   v a r i e s   as  t h e   t h r o t t l e  

s h a f t   r o t a t e s .   I t   i s   w e l l   to   l o o k   f i r s t   a t   F i g u r e   3  to  s ee   t h e  

f u e l   i n t r o d u c t i o n   p o r t s   a t   111  and  t h e   p a s s a g e   112 ,   b o t h   in   t h e  

v i c i n i t y   of  t h e   o p e n i n g   edge   of  a i r   t h r o t t l e   42.  F i g u r e   7 

shows  an  a x i a l   c u t - a w a y   of  t h i s   p a s s a g e .   The  p a s s a g e   i s   c h a r -  

a c t e r i z e d   by  a  m u l t i p l i c i t y   of  h o l e s ,   l l l ,   200 ,   201 ,   202,   2 0 3 ,  

204  and  205.  When  t h e   t h r o t t l e   i s   f u l l y   c l o s e d   and  o n l y   t h e  

i d l e   f l ow  is   p a s s i n g ,   o n l y   h o l e   111  i s   o p e n ,   and  f u e l   f rom  m e -  

t e r i n g   p a s s a g e   110 ,   shown  in  F i g u r e   3,  f e e d s   d i r e c t l y   to  h o l e  

111.   Under   t h i s   i d l e   c o n d i t i o n   f u e l   i s   t h e r e f o r e   i n t r o d u c e d  

to  t h e   v e r y   h i g h   v e l o c i t y   a i r   s t r e a m   p a s t   t h e   i d l e   s l o t   f o r  

d i s t r i b u t i o n   and  a t o m i z a t i o n .   Under   t h e s e   c o n d i t i o n s   a i r   f l o w s  



t h r o u g h   h o l e s   200,  201,  202 ,   203 ,   204,   205  of  p a s s a g e   112  s o  

t h a t   t h e   f l o w   p a s t   h o l e   111  i s   a  m i x t u r e   of  f u e l   and  a i r .   C o v -  

e r i n g   e a c h   of  h o l e s   2 0 0  -   205  i s   l a m i n a r   r e s i s t a n c e   m a t e r i a l  

( w h i c h   can  be  e i t h e r   of  p a p e r   or   of  f i n e l y   woven  mesh)   2 0 6 ,  

w h i c h   s e r v e s   as  a  l a m i n a r   r e s i s t a n c e   e l e m e n t   f o r   f l o w   p a s t  

h o l e s   200  to   205.   As  t he   t h r o t t l e   r o t a t e s   to  open   p o s i t i o n ,  

( d e p i c t e d   d i a g r a m a t i c a l l y   by  d a s h e d   l i n e s   195,   194  in   F i g u r e   7) 

t h e   t h r o t t l e   f i r s t   u n c o v e r s   h o l e   200  t h e n   h o l e   201  t h e n   h o l e  

202  t h e n   h o l e   203  t h e n   204  and  f i n a l l y   205,   so  t h a t   a f t e r   t h e  

t h r o t t l e   i s   p a r t   way  open  f u e l   i s   b e i n g   d i s t r i b u t e d   e v e n l y   a -  

l o n g   t h e   a x i a l   l e n g t h   of  t h r o t t l e   42,  f o r   even   i n t r o d u c t i o n   t o  

t h e   d o w n s t r e a m   p a s s a g e   40  and  t o  t h e  e n g i n e .   T h i s   s m o o t h   a x i a l  

d i s t r i b u t i o n   of  f u e l   i n t o   t h e   a i r   s t r e a m   is   c o n v e n i e n t   f o r   m i x -  

ing   a r r a n g e m e n t s   d o w n s t r e a m   of  a i r   t h r o t t l e   4 2 .  

F i g u r e   8  is   a n a l o g o u s   to  F i g u r e   4,  b u t   shows  an  u p s t r e a m  

o r i f i c e   a r r a n g e m e n t   d e s i g n e d   to  p r o d u c e   50  p e r c e n t   p r e s s u r e   r e -  

c o v e r y   d o w n s t r e a m   of  t he   u p s t r e a m   o r i f i c e .   By  t a k i n g   t he   p r e s -  

s u r e   d r o p   a c r o s s   the   d i a p h r a g m   or   p i s t o n   a r r a n g e m e n t   to  be  e -  

q u a l   to   t h e   maximum  p r e s s u r e   d r o p   a c r o s s   t h i s   u p s t r e a m   o r i f i c e  

b u t   h a v i n g   p r e s s u r e   r e c o v e r y   p r i o r   to  t he   d o w n s t r e a m   o r i f i c e  

t h i s   f l o w   a r r a n g e m e n t   e l i m i n a t e s   c o m p r e s s i b i l i t y   e f f e c t s   w h i c h  

w o u l d   o t h e r w i s e   s l i g h t l y   d e g r a d e   t h e   a c c u r a c y   of  t h e   m e t e r i n g  

s y s t e m .   R e f e r r i n g   to  F i g u r e   8,  c h a m b e r   245  i s   l i n k e d   by  p a s -  

s a g e   280  w i t h   t h e   u p s t r e a m   p r e s s u r e   s i d e   282  of  a  d i a p h r a g m   a s -  

s e m b l y   270  u s e d   in  the   m e t e r i n g   s y s t e m   c o n t r o l   a s s e m b l y ,   a n d  

t h e   p r e s s u r e   in  chamber   245  i s   a p p r o x i m a t e l y   s t a g n a t i o n   p r e s -  

s u r e   u p s t r e a m   of  the   a i r   t h r o t t l e .   Flow  f rom  c h a m b e r   245  p a s -  

ses   t h r o u g h   s m o o t h l y   c o n v e r g e n t   n o z z l e   248,   w h e r e   t h e   f l o w  

p a s s e s   i n t o   c y l i n d r i c a l   p a s s a g e   253.   The  r a t i o   of  o r i f i c e   m i n -  

imum  c r o s s   s e c t i o n a l   d i a m e t e r   to  t he   d i a m e t e r   of  c y l i n d e r   253 

i s   e q u a l   to  . 6 2 ,   which   i s   a  v a l u e   t a k e n   f rom  F l u i d   M e t e r s ,  

s i x t h   e d i t i o n ,   1971,   the   A m e r i c a n   S o c i e t y   of  M e c h a n i c a l   E n g i n -  

e e r s ,   New  Y o r k ,   New  York ,   Page  221,   t he   v a l u e   b e i n g   c h o s e n   t o  

p r o d u c e   50  p e r c e n t   p r e s s u r e   r e c o v e r y .   D i r e c t l y   d o w n s t r e a m   o f  

n o z z l e   248  i s   p r e s s u r e   t a p   246 ,   w h i c h   c o n n e c t s   to  t he   low  s t r e a m  

p r e s s u r e   s i d e   284  of  the   d i a p h r a g m ,   shown  s c h e m a t i c a l l y   as  a s -  

s e m b l y   270.   Flow  from  c y l i n d r i c a l   p a s s a g e   253  p r o c e e d s   to  o p e n  

c h a m b e r   249 ,   wh ich   f e e d s   d o w n s t r e a m   o r i f i c e   250.   Flow  p a s t  



o r i f i c e   250  e x p a n d s   to   p a s s a g e   251,   w h i c h   i s   s t r i c t l y   a n a l o g o u s  

to  p a s s a g e   151  in  F i g u r e   4,  and  p a s s a g e   251  i s   a t   t h e  v e n a   c o n -  

t r a c t a   s t a t i c   p r e s s u r e   d o w n s t r e a m   of   t h e   a i r   t h r o t t l e .   T h e  

f l o w   a r r a n g e m e n t   of   F i g u r e   8  h a s  m a t h e m a t i c a l   a d v a n t a g e s   w i t h  

r e s p e c t   to  a c c u r a c y   w h i c h   w i l l   be  d i s c u s s e d   in   t h e   m a t h e m a t i c a l  

w r i t e - u p ,   bu t   t h i s   a d v a n t a g e   i s   p u r c h a s e d   a t   t h e   c o s t   of  h a v i n g  

o r i f i c e   248  a  f i x e d   o r i f i c e   w i t h o u t   a  v a r i a b l e   c o n t r o l   n e e d l e ,  

so  t h a t   a  s y s t e m   w h i c h   w o u l d   o t h e r w i s e   h a v e   two  c o n t r o l   n e e d l e s  

m u s t   work  w i t h   o n l y   one   i f   t h e   f l o w   a r r a n g e m e n t   of  F i g u r e   8  i s  

to   be  u s e d .  

The  d e s i g n   i s s u e s   a d d r e s s e d   in   F i g u r e s   1  -   8  i n v o l v e   a  

good   d e a l   of  a t t e n t i o n   to   f l u i d   m e c h a n i c a l   d e t a i l s   w h i c h   p e r m i t  

t h e   m e t e r i n g   s y s t e m   to  o p e r a t e   as  a  p r e c i s i o n   i n s t r u m e n t .   I n  

a d d i t i o n ,   t he   p r e c i s i o n   of   t h e   m e t e r i n g   s y s t e m   r e s t s   on  t h e   e x -  

a c t n e s s   of  b a s i c   l a w s   o f   f l u i d   m e c h a n i c s .   F i g u r e   9  shows  t h e  

m o s t   i m p o r t a n t   c o m p r e s s i b l e   f l o w   r e l a t i o n s ,   p l o t t i n g   p a r t i c u -  

l a r l y   t he   mass   f l o w   p e r   u n i t   a r e a   v e r s u s   t h e   mass   f l o w   p e r   u n i t  

a r e a   w h i c h   w o u l d   o c c u r   a t   s o n i c   v e l o c i t y   as  a  f u n c t i o n   of  p r e s -  

s u r e   d r o p   a c r o s s   a  p e r f e c t   o r i f i c e .   The  f l o w   r e l a t i o n s   in  F i g -  

u r e   9  a r e   e x a c t ,   and  a r e   u s e d   w i t h   p r e c i s i o n   in   t h e   two  o r i f i c e  

in  s e r i e s   p a s s a g e   and  f o r   t h e   f l o w   c h a r a c t e r i s t i c s   p a s t   t h e   a i r  

t h r o t t l e   v a l v e .   F i g u r e   9  i s   c o p i e d   f rom  Page   197  of  The  I n t e r -  

n a l   C o m b u s t i o n   E n g i n e   in   T h e o r y   and  P r a c t i c e ,   Volume  2,  b y  

C h a r l e s   F a y e t t e   T a y l o r ,   MIT  P r e s s ,   c o p y r i g h t   1968 .   The  h o r i -  

z o n t a l   a x i s   of  F i g u r e   9  i s   p l o t t e d   in  t e r m s   of  two  i n v e r s e l y  

r e l a t e d   v a r i a b l e s ,   t h e   f i r s t   b e i n g  Z 4 P a c r o s s   t h e   o r i f i c e ,   a n d  

t h e   s e c o n d   b e i n g   t h e   p r e s s u r e   r a t i o   a c r o s s   t h e   o r i f i c e .   T h e  

v e r t i c a l   a x i s   p l o t s   two  i m p o r t a n t   f u n c t i o n s ,   t h e   f i r s t   M M* 

shows   t he   r a t i o   of   m a s s   f l o w   t o  m a s s   f l o w   a t   s o n i c   v e l o c i t y  

w h i c h   h a p p e n s   a t   v a r i o u s   p r e s s u r e   d r o p s .   I t   i s   n o t a b l e   t h a t  

50  p e r c e n t   of  t h e   mass   f l o w   w h i c h   w o u l d   o c c u r   a t   s o n i c   v e l o c i t y  

a l r e a d y   o c c u r s   a t   a  p r e s s u r e   d r o p   of  6  p e r c e n t .   A l s o   p l o t t e d  

i s   t h e   c o m p r e s s i b i l i t y   f u n c t i o n  φ 2  .   R e f e r e n c e   to  F i g u r e   9 

may  be  u s e f u l   on  a  n u m b e r   of  o c c a s i o n s   when  c o n s i d e r i n g   t h e  

m a t h e m a t i c a l   a n a l y s i s   o f   t h e   m e t e r i n g   s y s t e m ,   and  e v a l u a t i n g  

i t s   p r e c i s i o n .  

In  the   d r a w i n g s ,   i t   has   b e e n   shown  how  to  p r o d u c e   m e t e r -  

i n g   e l e m e n t s   w h i c h   o b e y   t h e   g o v e r n i n g   i n v i s c i d   f l ow  e q u a t i o n s  



to  e x t r e m e l y   h i g h   a c c u r a c y .   R e f e r r i n g   to  g e n e r a l l y   s c h e m a t i c  

d r a w i n g s   1  and  2,  i t   has   b e e n   shown  how  to  p r o d u c e   an  a i r   t h r o t -  

t l e   v a l v e   w i t h   a  c o e f f i c i e n t   of  d i s c h a r g e   as  a  f u n c t i o n   o f  

t h r o t t l e   r o t a t i o n   w h i c h   i s   v e r y   i n s e n s i t i v e   to  v a r i a t i o n s   i n  

p r e s s u r e   d r o p   a c r o s s   t he   t h r o t t l e ,   so  t h a t   f l o w   a c r o s s   t h e  

t h r o t t l e   can  be  d e s c r i b e d   by  t h e   s i m p l e   i s e n t r o p i c   f l o w   e q u a -  

t i o n .   I t   has   been   shown  how  to  b u i l d   an  u p s t r e a m   o r i f i c e   a n a -  

l o g o u s   to  o r i f i c e   5  of  F i g u r e   1  w h i c h   i s   c h a r a c t e r i z e d   by  a  c o -  

e f f i c i e n t   of  d i s c h a r g e   w h i c h   i s   R e y n o l d s   n u m b e r   i n s e n s i t i v e   s o  

t h a t   t h e   f l o w   e q u a t i o n   a c r o s s   o r i f i c e   5  can   be  c h a r a c t e r i z e d   b y  

t he   s i m p l e   i s e n t r o p i c   f l o w   e q u a t i o n .   I t   has   b e e n   shown  how  t o  

p r o d u c e   a  d o w n s t r e a m   o r i f i c e   a n a l o g o u s   to  o r i f i c e  7   of  F i g u r e  

1  w h i c h   has   a  c o e f f i c i e n t   of  d i s c h a r g e   i n s e n s i t i v e   to   p r e s s u r e  

d r o p s   a c r o s s   i t ,   so  t h a t   f l o w   p a s t   o r i f i c e   7  can  be  c h a r a c t e r -  

i z e d   by  a  s i m p l e   and  e x a c t   i s e n t r o p i c   f l ow  e q u a t i o n .   On  t h e  

f u e l   s i d e ,   i t   has  been   shown  how  to  b u i l d   a  f u e l   v a l v e   w i t h   a n  

e f f e c t i v e   f l o w   a r e a   v a r y i n g   in  p r e c i s e   and  p r o g r a m m e d   r e l a t i o n  

to  t h e   e f f e c t i v e   f l o w   a r e a   of  t he   a i r   v a l v e ,   and  how  to  m a k e  

t h i s   f u e l   v a l v e   so  t h a t   i t s   c o e f f i c i e n t   of  d i s c h a r g e   a t   e a c h  

v a l u e   of  t h r o t t l e   r o t a t i o n   i s   i n s e n s i t i v e   to  t he   v a r i a t i o n s   i n  

R e y n o l d s   Number   wh ich   o c c u r   in  i t s   o p e r a t i n g   r a n g e .   T h e r e f o r e  

the   f u e l   v a l v e   f l ow  c h a r a c t e r i s t i c   can  be  d e f i n e d   by  a  s t r a i g h t -  

f o r w a r d   and  e x a c t   i n c o m p r e s s i b l e   f l ow  e q u a t i o n .   I t   has   b e e n  

shown  how  to  p r o d u c e   a  c o n t r o l   of  the   p r e s s u r e   d r o p   a c r o s s   t h e  

v a r i a b l e   f u e l   v a l v e   w h i c h   v a r i e s   in  p r e c i s e   and  c a l c u l a b l e   r e -  

l a t i o n   w i t h   t he   p r e s s u r e   d r o p   of  an  u p s t r e a m   o r i f i c e   a n a l o g o u s  

to  o r i f i c e   5.  The  r e a s o n   f o r   s h o w i n g   t h e s e   t h i n g s   was  to  b u i l d  

a  s y s t e m   w h i c h   was  p r e c i s e l y   d e s c r i b a b l e   by  e x a c t   e q u a t i o n s .  

At  S o u t h w e s t   R e s e a r c h   I n s t i t u t e   we  have   b u i l t   a  f u e l   a i r  

m e t e r i n g   s y s t e m   w i t h   f l u i d   m e c h a n i c a l   d e t a i l s   c l o s e l y   f o l l o w i n g  

t he   d e t a i l s   of  t he   d r a w i n g s .   We  have  f o u n d   t h a t   t h e   m e a s u r e d  

f l o w s   in  t he   s y s t e m   f o l l o w   the   f l o w s   of  t he   t h e o r e t i c a l   e q u a -  
t i o n s   to  h i g h   a c c u r a c y ,   to  t h e   p o i n t   where   i t   i s   o f t e n   i m p o s -  

s i b l e   to  d e t e c t   d e v i a t i o n s   b e t w e e n   t h e o r y   and  e x p e r i m e n t   b e -  

c a u s e   of  t h e   r e s o l u t i o n   l i m i t s   of  our   ( c a r e f u l l y   made)  e x p e r -  

i m e n t a l   e q u i p m e n t .  

The  f o l l o w i n g   a n a l y s i s   makes   c l e a r   t he   r a t i o n a l   m a t h e -  

m a t i c a l   b a s i s   of  t he   p r e s e n t   i n v e n t i o n   m e t e r i n g   s y s t e m .   T h e  



a n a l y s i s   i n v o l v e s   many  e q u a t i o n s ,   b u t   t h e   a c c u r a c y   w i t h   w h i c h  

t he   m e t e r i n g   s y s t e m   c o m p o n e n t s   f i t   t h e   e q u a t i o n s   i s   so  h i g h  

t h a t   t h e   a n a l y s i s   i s   q u i t e   r e l i a b l e .   The  n o t a t i o n   and  a n a l y s i s  

i s   done   in  c l o s e   a n a l o g y   w i t h   t h e   a n a l y s i s   of  " C a r b u r e t o r   F l o w  

E q u a t i o n s "   on  P a g e s   1 9 5 - a n d   199  of  The  I n t e r n a l   C o m b u s t i o n   E n -  

g i n e   in  T h e o r y   and  P r a c t i c e ,   Vo lume   2,  by  C h a r l e s   F a y e t t e   T a y -  

l o r ,   MIT  P r e s s ,   c o p y r i g h t   1 9 6 8 .   The  f o l l o w i n g   a n a l y s i s   o f f e r s  

an  e x c e l l e n t   b a s e   f o r   d e s i g n   of   ou r   f u e l   a i r   m e t e r i n g   s y s t e m .  
The  a n a l y s i s   i s   a l s o   v e r y   u s e f u l   as  a  g u i d e   to  t r o u b l e   s h o o t i n g  
i f   a  m e t e r i n g   s y s t e m   a c c o r d i n g   to   t h e   p r e s e n t   i n v e n t i o n   d e p a r t s  

f rom  t h e   p r e d i c t e d   e q u a t i o n s .   By  u s i n g   t h e s e   e q u a t i o n s ,   t h e  

s o u r c e   of  t h e   t r o u b l e   can  be  q u i c k l y   i d e n t i f i e d , a n d   f i x e s   t o  

t h e   t r o u b l e   g e n e r a l l y   s u g g e s t   t h e m s e l v e s   r a p i d l y .   The  a n a l y s i s  

has   t h e   f o l l o w i n g   l i s t   of  v a r i a b l e s ,   w h i c h   c o r r e s p o n d   c l o s e l y  

to  t h o s e   in  P r o f e s s o r   T a y l o r ' s   b o o k :  



L i s t   of  V a r i a b l e s  

Ma  =  m a s s f l o w   r a t e   of  a i r  

Mf  =  m a s s f l o w   r a t e   of  f u e l  

IMV  =  i n t a k e   m a n i f o l d   v a c u u m  

T  =  t e m p e r a t u r e  

Patm  =  a t m o s p h e r i c   p r e s s u r e  

e  =  t h r o t t l e   a n g l e  

Ai  =  v a l v e   a r e a  

Af  =  f u e l   v a l v e   a r e a  

Aa  =  a i r   t h r o t t l e   a r e a  

Ci  =  v a l v e   d i s c h a r g e   c o e f f i c i e n t  

(Aa  C a ) }  =   e f f e c t i v e   v a l v e   f low  a r e a   a t   a  s p e c i f i c   v a l v e  
[Af  Cf]  o p e n i n g   a n g l e   Ai  Ci  is  a  f u n c t i o n   of  t h r o t t l e  

a n g l e ,   e .  

ΔPf  =  f u e l   p r e s s u r e   d i f f e r e n t i a l   a c r o s s   f u e l   v a l v e   e q u a l s  
s t a g n a t i o n   p r e s s u r e   u p s t r e a m   of  v a l v e   minus   s t a t i c  
d o w n s t r e a m   of  v a l v e ) .  

ΔPa  =  a i r   p r e s s u r e   d i f f e r e n t i a l   a c r o s s   a i r   t h r o t t l e   v a l v e  
(P  s t a g n a t i o n   u p s t r e a m  -  P   s t a t i c   d o w n s t r e a m ) =   ΔPa 

r  = 

φ  =  

φ is  a  c o m p r e s s i b i l i t y   f u n c t i o n   w h i c h   c o n s t i t u t e s   the   d i f -  
f e r e n c e   b e t w e e n   the   a i r   f l ow  f u n c t i o n   and  t he   f u e l   f l o w  
f u n c t i o n .  

p  =  d e n s i t y   of  a i r   at   s t a n d a r d   sea   l e v e l   c o n d i t i o n s  

σ  =  Poi p  r a t i o   of  s t a g n a t i o n   d e n s i t y   u p s t r e a m   a i r  
t h r o t t l e   to   s t a n d a r d   sea   l e v e l   d e n s i t y  

Ou  =  u p s t r e a m   o r i f i c e   of  two  o r i f i c e   in  s e r i e s  
a i r f l o w   a n a l o g y   s y s t e m  

Od  =  d o w n s t r e a m   o r i f i c e   of  two  o r i f i c e   in  s e r i e s  
a i r f l o w   a n a l o g y   s y s t e m  

n  =  
area Ou area Od  r a t i o   of  u p s t r e a m   to  d o w n s t r e a m   a r e a s  

in  t he   a n a l o g y   p a s s a g e  



The  o b j e c t i v e   of  a  f u e l - a i r   m e t e r i n g   s y s t e m   is   to   c o n -  

t r o l   a i r / f u e l   r a t i o s   as  a  f u n c t i o n   of  e n g i n e   c o n t r o l   v a r i a b l e s .  

In  n o t a t i o n :  

To  s t a r t   the   a n a l y s i s ,   c o n s i d e r   a  c o n s t a n t   a i r / f u e l   r a t i o :  

B e r n o u l l i ' s   e q u a t i o n   ( t he   i n c o m p r e s s i b l e   f l o w   e q u a t i o n )   i s  

The  mass  f l o w   e q u a t i o n   fo r   a  c o m p r e s s i b l e   f l u i d   l i k e   a i r   i s  

To  g e t   Ma Mf  =  K1  i m p l i e s  

S i n c e   t h e   g r o u p s   ( 2 g  p )   and  ( 2 g   p f )   a r e   e s s e n t i a l l y  

c o n s t a n t ,   l e t   K3  29 p 29 p  =  p  p f  .  

E q u a t i o n   @   t h e n   b e c o m e s  

The  l i n k e d   a i r   t h r o t t l e   and  f u e l   v a l v e   a r r a n g e m e n t   shown  i n  

F i g u r e s   5,  5A  and  5B  is  one  of  many  p o s s i b l e   a r r a n g e m e n t s   w h e r e  

t he   f u e l   m e t e r i n g   o r i f i c e   e f f e c t i v e   a r e a   and  the   a i r   m e t e r i n g  

o r i f i c e   e f f e c t i v e   a r e a   v a r y   in  p r o p o r t i o n   to  each   o t h e r .   F o r  

an  e x a c t   p r o p o r t i o n a l i t y ,   t he   n o t a t i o n   i s  

t h i s   means   Aa  C a  =   K  4 Af  C f .  

In  t he   c a s e   shown  in  the   d r a w i n g s ,   b o t h   Aa  Ca  and  Af  C f  

v a r y   w i t h   r o t a t i o n   a n g l e   @  of  a  s h a f t   Aa Ca (@) Af Cf (@)  =  K 4 .  



A l g e b r a i c a l l y   s u b s t i t u t i n g   ( 2 )   and  @   i n t o   @   y i e l d s  

R e a r r a n g i n g   @   y i e l d s   the   f o l l o w i n g  c o n v e n i e n t   f o r m  

Both   s i d e s   of  E q u a t i o n   s   a r e   p r o p o r t i o n a l   to  t he   m a s s f l o w  

of  a i r   per   u n i t   of  e f f e c t i v e   a i r   f l o w   o r i f i c e   a r e a .  

S q u a r i n g   b o t h   s i d e s   of  e q u a t i o n   s   g i v e s  

In  w o r d s ,   E q u a t i o n   t   s a y s   t h a t   to  ge t   a  c o n s t a n t   a i r / f u e l  

r a t i o   f rom  a  m e t e r i n g   s y s t e m   h a v i n g   a  c o n s t a n t   r a t i o   o f  

e f f e c t i v e   o r i f i c e   a r e a s   b e t w e e n   i t s   f u e l   m e t e r i n g   o r i f i c e  

and  i t s   a i r   m e t e r i n g   o r i f i c e ,   i t   is   b o t h   n e c e s s a r y   and  s u f -  

f i c i e n t   t h a t   t he   p r e s s u r e   d r o p   a c r o s s   the   f u e l   m e t e r i n g  

o r i f i c e ,   ΔPf,   be  r e g u l a t e d   in  p r o p o r t i o n   to  t he   s q u a r e   of  t h e  

m a s s f l o w   per   u n i t   e f f e c t i v e   a r e a   p a s t   the   a i r f l o w   o r i f i c e .  

E q u a t i o n   t   s h o u l d   l ook   f a m i l i a r   to  a n y o n e   who  knows  c a r -  

b u r e t o r s ,   s i n c e   a  v e n t u r i   m e t e r i n g   s y s t e m   has  t he   s u c t i o n   o f  

f u e l   i n t o   t he   a i r s t r e a m ,   ΔPfv  p r o p o r t i o n a l   to  t he   s q u a r e   o f  

m a s s f l o w   of  a i r   M av  d i v i d e d   by  φ2,  w i t h  φ 2   a  s l o w l y   m o v i n g  

f u n c t i o n   i f   t he   a i r   v e n t u r i   is  l a r g e   in  r e l a t i o n   to  t h e   a i r  

t h r o t t l e   o p e n i n g .  

With   a  s i m p l e   v e n t u r i   s y s t e m ,   b o t h   Aav  Cav  and  Afv  C f v  
a r e   f i x e d ,   so  t h a t   A av  C av  a r e   in  c o n s t a n t   r a t i o ,   i n  

f v   f v  

a n a l o g y   w i t h   the   r e q u i r e m e n t s   of  e q u a t i o n   t .   H o w e v e r ,   t h e  

p r e s e n t   i n v e n t i o n   m e t e r i n g   a p p r o a c h   has  the  a i r f l o w   m e t e r i n g  

o r i f i c e   and  the   f u e l   f l ow  m e t e r i n g   o r i f i c e   each   v a r y i n g   a s  

e n g i n e  l o a d   is   v a r i e d ,   w i t h   t he   r a t i o   Aa Ca Af Cf  h e l d   c o n s t a n t .  



The  p r a c t i c a l   a d v a n t a g e   of  t h i s   v a r i a t i o n   is  v e r y   g r e a t .  
C o n s i d e r   a  v e n t u r i   c a r b u r e t o r :   i f   t h e   b u t t e r f l y   t h r o t t l e  

v a l v e   o p e n i n g   v a r i e s   ove r   a  f a c t o r   of  10,  w i t h   e n g i n e   l o a d  

c o n t r o l l e d   so  t h e   p r e s s u r e   d r o p   a c r o s s   t he   b u t t e r f l y   i s   m a i n -  

t a i n e d   c o n s t a n t ,   ΔPfv  w i l l   v a r y   by  a b o u t   a  f a c t o r   of  100  

( e x a c t l y   a  f a c t o r   of  100  i f   M  is   to  be  m a i n t a i n e d ) .  
Ma Mf = 

B e c a u s e   t h e   p r e s s u r e   d r o p   a c r o s s   t h e   b u t t e r f l y   is   u n c h a n g e d ,  

the   m a s s f l o w   of  a i r   per   u n i t   e f f e c t i v e   b u t t e r f l y   v a l v e   o p e n i n g  

a r e a   is   u n c h a n g e d ,   bu t   a  100  f o l d   p r e s s u r e   d r o p   v a r i a t i o n   h a s  

o c c u r e d   in  t h e   v e n t u r i .   Wi th   a  s y s t e m   a c c o r d i n g   to  t h e   c u r r e n t  

i n v e n t i o n ,   t h e   f u e l   f l ow  m e t e r i n g   o r i f i c e   would   v a r y   in  p r o -  

p o r t i o n   to   t h e   b u t t e r f l y   a i r f l o w   o r i f i c e ,   and  t he   m e t e r i n g  

p r e s s u r e   d r o p   a c r o s s   the   f u e l   m e t e r i n g   v a l v e ,   ΔPf ,   w o u l d   n o t  

have   to  c h a n g e   a t   a l l .   The  l o w e r   v a r i a t i o n   of  ΔPf  w i t h   t h e  

c u r r e n t   i n v e n t i o n   i s   an  i m p o r t a n t   p r a c t i c a l   a d v a n t a g e ,   b e c a u s e  

i t   h o l d s   t h e   Δ P f  r a n g e   w i t h i n   r e a s o n a b l e   l i m i t s .  

F u e l - a i r   m e t e r i n g   s y s t e m s   f o r   a u t o m o b i l e s   o p e r a t e   o v e r  

a  30:1  to   50:1   r a n g e   of  m a s s f l o w s .   For  a  v e n t u r i   t h i s   i n v o l v e s  

ΔPfv  r a n g e s   b e t w e e n   900 :1   and  2 5 0 0 : 1 .   A c c u r a t e   f u e l   m e t e r i n g  

o v e r   t h i s   v a s t   p r e s s u r e   r a n g e   i s   n e v e r   p r a c t i c a l ,   so  t he   c a r -  

b u r e t o r   r e q u i r e s   s e p a r a t e   i d l e   s y s t e m s ,   t r a n s i t i o n   s y s t e m s ,  

and  f u l l   power   s y s t e m s ,   and  t h e r e   a r e   m e t e r i n g   p r o b l e m s   a s  

t h e s e   s y s t e m s   t u r n   on  or  o f f .   For   a  s y s t e m   w h e r e   KAf  Cf  = 

A  C  ,   t h e   p r e s s u r e   r a n g e   r e q u i r e d   f o r   f u e l   m e t e r i n g   is   m u c h  
a  c  

l e s s ,   by  t h e   r a t i o   (Aa Ca max Aa Ca min)2. As  i n t a k e   m a n i f o l d   v a c u u m  

c h a n g e s   f rom  2 0 "  H g   to  1"  Hg,  t h e r e   i s   l e s s   t h a n   a  f a c t o r   of  3 

c h a n g e   in  m a s s f l o w   pe r   u n i t   e f f e c t i v e   b u t t e r f l y   v a l v e   a r e a ,  

so  t h a t   l e s s   t h a n   a  9 - f o l d   v a r i a t i o n   in  ΔPf  i s   r e q u i r e d .   T h i s  

s m a l l e r   r a n g e   i s   a  much  more  p r a c t i c a l   r a n g e   of  ΔPf  to  b u i l d  

h a r d w a r e   f o r ,   and  i t   is  t h e r e f o r e   p o s s i b l e   to  b u i l d   a  m e t e r i n g  

s y s t e m   w h i c h   i n v o l v e s   o n l y   one  b a s i c   f u e l   m e t e r i n g   c i r c u i t   t o  

h a n d l e   t h e   e n t i r e   f low  r a n g e   of  e n g i n e   r e q u i r e m e n t s .   T h e  

p r e s e n t   i n v e n t i o n   a l s o   has   t he   p r a c t i c a l   a d v a n t a g e   t h a t   Δ P f  
v a r i e s   r o u g h l y   w i t h   i n t a k e   m a n i f o l d   v a c u u m ,   and  so  is   c o n v e n -  

i e n t l y   l a r g e   u n d e r   t he   low  l o a d   c o n d i t i o n s   w h e r e   a u t o   e n g i n e s  

o p e r a t e   m o s t   of  t h e   t i m e .   For  a  v e n t u r i   s y s t e m ,   ΔnPfv  is   v e r y  



s m a l l   u n d e r   t h e s e   same  low  l o a d   c o n d i t i o n s ,   m a k i n g   p r e c i s e  

f u e l - a i r   m e t e r i n g   at  low  l o a d s   v e r y   d i f f i c u l t   w i t h   a  c a r -  

b u r e t o r .  

To  c o n t r o l   f u e l - a i r   m e t e r i n g   so  t h a t   Ma  =  K  w i t h   a 

Mf 

s y s t e m   h a v i n g   Aa  Ca  =  K  A  Cf  r e q u i r e s   t h a t   ΔPf  be  r e g u -  
l a t e d   so  t h a t   E q u a t i o n   1 0   is  s a t i s f i e d .  

To  s a t i s f y   E q u a t i o n   t   t h e   p r e s s u r e   d r o p   a c r o s s   t h e  

v a r i a b l e   f u e l   v a l v e ,   ΔPf,  must   be  v a r i e d   in  p r o p o r t i o n   t o  

the   s q u a r e   of  t he   m a s s f l o w   of  a i r   per   u n i t   e f f e c t u v e   o p e n  

a r e a   p a s t   t he   a i r   t h r o t t l e   v a l v e .   In  t he   p r e s e n t   i n v e n t i o n  

t h i s   is  done   by  p r o d u c i n g   a  s i g n a l   wh ich   v a r i e s   in  p r o p o r t i o n  

to  [(Φ2  σ )   ΔPa]2  w i t h   a  s p e c i a l l y   d e s i g n e d   two  o r i f i c e   i n  

s e r i e s   b y p a s s   s y s t e m ,   and  c o n t r o l l i n g   ΔPf  in  e x a c t   p r o p o r t i o n  

to  t h a t   s i g n a l   w i t h   a  r e g u l a t o r   a r r a n g e m e n t .   T h i s   r e g u l a t o r  

s y s t e m   w i l l   r e q u i r e   some  d e t a i l e d   d i s c u s s i o n ,   bu t   a t   t h i s   p o i n t  

a s s u m e   a  r e g u l a t o r   is  a v a i l a b l e   such   t h a t   ΔPf  v a r i e s   in  e x a c t  

p r o p o r t i o n   to  p r e s s u r e   d r o p   a c r o s s   an  a i r   d i a p h r a g m  

The  d i a p h r a g m   can  have  one  s i d e   c o n n e c t e d   to  a  c h a m b e r  

l o c a t e d   b e t w e e n   the  two  o r i f i c e s ,   w i t h   t he   d o w n s t r e a m   o r i f i c e  

0d  c o n n e c t i n g   t he   c h a m b e r   to  s t a t i c   p r e s s u r e   d o w n s t r e a m   t h e  

a i r   t h r o t t l e   and  the  u p s t r e a m   o r i f i c e   Ou  c o n n e c t i n g   t h e  

c h a m b e r   w i t h   t he   s t a g n a t i o n   p r e s s u r e   u p s t r e a m   of  t he   a i r  

t h r o t t l e   v a l v e .   On  the   o t h e r   s i d e   of  the   d i a p h r a g m   is  t h e  

s t a g n a t i o n   p r e s s u r e   u p s t r e a m   of  t he   a i r   t h r o t t l e .   W i t h  

t h i s   a r r a n g e m e n t ,   the   p r e s s u r e   d r o p   a c r o s s   the   d i a p h r a g m  

is  e q u a l   to  t he   p r e s s u r e   d r o p   a c r o s s   the   u p s t r e a m   o r i f i c e   Ou,  

O r i f i c e s   Ou  and  0d  a re   in  s e r i e s ,   and  t h e r e f o r e ,   i n s t a n t a n e o u s  

m a s s f l o w   r a t e s   p a s t   the   two  o r i f i c e s   must   m a t c h   at   e q u i l i b r i u m :  

F lows   p a s t   Ou  and  0d  each  f o l l o w   E q u a t i o n  4  

R e w r i t i n g ,   w i t h   the  r e l e v a n t   s u b s c r i p t s   for   each   o r i f i c e ,   t h e  

m a s s f l o w   e q u a t i o n s   a r e :  



C o m p r e s s i b i l i t y   e f f e c t s   e x i s t   f o r   f low  p a s t   b o t h   t h e s e   o r i -  

f i c e s ,   bu t   t h e  i m p o r t a n c e   of   c o m p r e s s i b i l i t y   e f f e c t s   v a r i e s  

g r e a t l y   w i t h   t he   m a g n i t u d e   of  t h e   ΔP  a c r o s s   t he   o r i f i c e .   F o r  

v e r y   s m a l l   p r e s s u r e   d r o p s   t he   c o m p r e s s i b i l i t y   e f f e c t s   a r e   s o  

s m a l l   t h a t   the   f l o w   e q u a t i o n   f o r   a i r   a p p r o x i m a t e s   t he   i n c o m -  

p r e s s i b l e   f low  e q u a t i o n   w h i c h   g o v e r n s   t h e   f u e l   f l o w .   I f   t h e  

a r e a   of  u p s t r e a m   o r i f i c e   0u  i s   much  l a r g e r   t h a n   t he   a r e a   o f  

d o w n s t r e a m   o r i f i c e   Od,  t h e   g r e a t   m a j o r i t y   of  t he   p r e s s u r e  

d r o p   a c r o s s   t he   s y s t e m   o c c u r s   a c r o s s   o r i f i c e   Od.  For  e x a m p l e ,  

i f  

t h e   p r e s s u r e   d r o p   a c r o s s   O u  i s   a b o u t   1%  of  t o t a l   p r e s s u r e  

a t   maximum,   when  t h e   p r e s s u r e   d r o p   a c r o s s   O d  i s   s o n i c   ( c h o k e d  

f l o w ) .   I t   w i l l   be  shown  t h a t   t h i s   p r o d u c e s   to  e x c e l l e n t   a p -  

p r o x i m a t i o n   the   p r e s s u r e   r e l a t i o n s   r e q u i r e d   to  r e g u l a t e   ΔPf 

to   a c h i e v e   E q u a t i o n   t .  

W i t h   AOu COu AOd COd  =  5,  t h e   f l o w   pe r   u n i t   a r e a   p a s t   O d  i s   v e r y  

n e a r l y   e q u a l   to   t h e   f l ow  p e r   u n i t   a r e a   p a s t   t he   a i r   t h r o t t l e  

( b u t t e r f l y   v a l v e ) ,   s i n c e   t h e   p r e s s u r e   d r o p   a c r o s s   O d  i s   v e r y  

c l o s e   to   the   p r e s s u r e   d r o p   a c r o s s   t he   a i r   m e t e r i n g   v a l v e  

a n d  

i t   i s   t h e r e f o r e   a  good  a p p r o x i m a t i o n   ( t h e   e x a c t n e s s   of  w h i c h  

w i l l   be  shown  b e l o w )   to   say   t h a t   f low  p a s t   Od  is  p r o p o r t i o n a l  

to   f l o w   per   u n i t   e f f e c t i v e   a r e a   of  t h e   a i r   t h r o t t l e .  

S i n c e   t he   p r e s s u r e   d r o p   a c r o s s   Ou  is   a t   maximum  a b o u t   1%, 

E q u a t i o n   4   f o r   o r i f i c e   0u  i s ,   to  good  a p p r o x i m a t i o n  



A l g e b r a i c a l l y   s u b s t i t u t i n g   E q u a t i o n s   ⑪   and  ⑫   and  ⑰  

i n t o  

y i e l d s  

A r r a n g i n g   c o n s t a n t s  ( K 3   K4 K1)2 =  K5K8K6  y i e l d s   e q u a t i o n  

S a t i s f a c t i o n   of  E q u a t i o n   t  s a t i s f i e s   t he   r e q u i r e m e n t s   f o r  

2   Ma Mf =  
K,  t he   r e q u i r e d   c o n s t a n t   a i r / f u e l   r a t i o .  

A  v i t a l   p a r t   of  t he   p r e c e d i n g   m a t h e m a t i c a l   a r g u m e n t  

is  t h a t   the   two  o r i f i c e   in  s e r i e s   s y s t e m s   i n v o l v i n g   Od  a n d  

Ou  f o r m s   a  f low  a n a l o g y   w h i c h   s a t i s f i e s   t he   f l o w   e q u a t i o n  

to  a  h i g h   d e g r e e   of  a c c u r a c y .   S i n c e   ΔPf  is  c o n t r o l l e d   b y  

a  r e g u l a t o r   to  be  p r o p o r t i o n a l   to  ΔpOu  t h i s   s a t i s f i e s  

E q u a t i o n   t  .  

The  two  o r i f i c e   in  s e r i e s   a n a l o g y   is  a  v e r y   good  o n e ,  

and  the   d e p a r t u r e   of  t he   a n a l o g y   from  p e r f e c t i o n   can  b e  

c a l c u l a t e d   e x a c t l y   ( a s s u m i n g   t h a t   the   p r e s s u r e   d o w n s t r e a m  

of  Od  and  the  p r e s s u r e   u p s t r e a m   of  Ou  e x a c t l y   c o r r e s p o n d  

to  the   u p s t r e a m   s t a g n a t i o n   and  d o w n s t r e a m   s t a t i c   p r e s s u r e s  

of  t he   a i r   f l ow  t h r o t t l e   v a l v e ,   a  m a t t e r   wh ich   w i l l   be  d e a l t  

w i t h   l a t e r ) .  



For  v e r y   s m a l l   p r e s s u r e   d r o p s   a c r o s s   t he   s y s t e m ,   t h e  

c o m p r e s s i b l e   f l o w   e q u a t i o n   r e d u c e s   to  the   i n c o m p r e s s i b l e  

f l o w   e q u a t i o n  

For  t he   v e r y   low  ΔPa  c a s e ,   t h e   f l o w   a n a l o g y   i s   e s s e n t i a l l y  

p e r f e c t ,   as  t he   f o l l o w i n g   a l g e b r a   shows  i f   Ao u Cou =  n  A  od Cod 

S i n c e  

and  so  t he   a n a l o g y   i s   p e r f e c t   in  t he   low  ΔPa  l i m i t i n g   c a s e .  

For  t he   maximum  ΔPa  c a s e   t h e   a n a l o g y   i s   i m p e r f e c t ,   b u t  

t h e   a n a l o g y   is   s t i l l   a  good  one  w i t h   e r r o r s   w h i c h   can  b e  

e x a c t l y   c a l c u l a t e d .   For  l a r g e   ΔPa,  f low  p a s t   o r i f i c e   O d  i s  
s o n i c .  S o n i c   v e l o c i t y   i s   p r o p o r t i o n a l   to  T a b s o l u t e   f o r   a  

n e a r   p e r f e c t   gas   l i k e   a i r .   For  a i r ,   the   J o u l e - T h o m p s o n   c o -  

e f f i c i e n t   is   s u c h   t h a t   t h e   t e m p e r a t u r e   c h a n g e   due  to   t h r o t t l i n g  

is   n e g l i g i b l y   s m a l l   f o r   t h e   s m a l l   ΔP  p a s t   Ou.  T h e r e f o r e ,   a t  

c h o k e d   f l o w   fo r   0d  t h e   f o l l o w i n g   e q u a t i o n   h o l d s   ( u n l e s s   t h e r e  

is   h e a t   t r a n s f e r   w i t h i n   t h e   two  o r i f i c e   in  s e r i e s   b y p a s s  

s v s t e m .  



At  s o n i c   f l o w   p a s t   Od  ,   M o d  i s   e x a c t l y   p r o p o r t i o n a l   to  
r o u m a x  

so  a  x%  p r e s s u r e   d r o p   in  Ou  p r o d u c e s   an  x%  r e d u c t i o n   in  Mod 

u n d e r   c h o k e d   ( s o n i c   f low)   c o n d i t i o n s .  

H o w e v e r ,   t h i s   x%  e r r o r   is   c u t   in  h a l f   b e c a u s e   o f  

c o m p r e s s i b i l i t y   e f f e c t s   in  o r i f i c e   Ou,  as  shown  b e l o w .  

Wi th   good  d e s i g n   AO  Co  is  r e a l l y   c o n s t a n t   and  2g  @  p  i s  
u  u 

c o n s t a n t   fo r   Ou  in  t he   r a n g e   of  p r e s s u r e   d r o p s   r e l e v a n t   t o  

O .   An  e x c e l l e n t   a p p r o x i m a t i o n   i s :  

  Φ 2    r   for   s m a l l   ΔP  w h e r e  

The  e x c e l l e n c e   of   a p p r o x i m a t i o n     is   shown  as  f o l l o w s :  

The  a p p r o x i m a t i o n   g r e a t l y   s i m p l i f i e s   the   a l g e b r a   of  t h e  

a n a l y s i s ,   and  p e r m i t s   us  to   say  t h a t  

S i n c e   M O  =   M O ,   fo r   c h o k e d   f l o w   c o n d i t i o n s   p a s t   Od  we  h a v e  
u  d 

T h i s   means   t h a t   an  n%  ΔPO  i n t r o d u c e s   an  e r r o r   a t  
u 

c h o k e d   f low  c o n d i t i o n s   of  1/2  n%.  E v a l u a t i o n   of  two  o r i f i c e  

in  s e r i e s   f low  s y s t e m   at   r a ' s   b e t w e e n   c h o k e d   p r e s s u r e   d r o p s  

and  v e r y   s m a l l   p r e s s u r e   d r o p s   shows  t h a t   the   e r r o r   f u n c t i o n  

v a r i e s   s m o o t h l y ,   and  in  an  e x a c t l y   c a l c u l a b l e   way,  b e t w e e n  

the   v e r y   low  p r e s s u r e   d r o p   and  c h o k e d   f low  e x t r e m e s .   T h e r e -  

f o r e ,   i f   ΔPO  is  1%  of  t o t a l   p r e s s u r e ,   t he   e r r o r   in  f u e l - a i r  
u max  



m e t e r i n g   due  to  t he   two  o r i f i c e   in  s e r i e s   a n a l o g y   w i l l   b e  

l e s s   t h a n   or  e q u a l   to  1/2%  f o r   a l l   ΔPa  v a l u e s .   The  a n a l o g y  
of   two  o r i f i c e s   in  s e r i e s   d o e s   an  i n h e r e n t l y   good  job   o f  

s a t i s f y i n g   E q u a t i o n   t  

I t   can  b e  s h o w n   t h a t   t h e   v a r i a t i o n   of   f   w i t h   Δ P a  

( i n t a k e   m a n i f o l d  v a c u u m )   can  be  e x a c t l y   f i l t e r e d   o u t   i f   t h e  

u p s t r e a m   o r i f i c e   Ou  is   an  o r i f i c e   o p t i o n   w i t h   APO  b e i n g  
u 

t h e   s t a t i c   p r e s s u r e   in  t h e   o r i f i c e   and  w i t h   a  d i f f u s e r   s e c t i o n  

y i e l d i n g   e x a c t l y   50%  p r e s s u r e   r e c o v e r y .   F i g u r e   8  shows  s u c h  

a  s y s t e m .   T h i s   is   a  s i g n i f i c a n t   p o t e n t i a l   a d v a n t a g e ,   s i n c e   i t  

o f f e r s   t h e   o p p o r t u n i t y   of  a  ΔPO  s i g n a l   s i g n i f i c a n t l y   l a r g e  
u 

w i t h o u t   d e g r a d a t i o n   of  t h e   s i g n a l   a n a l o g y .   P r o v i s i o n   of  a  

p r e s s u r e   r e c o v e r y   p a s s a g e   w i t h   t h e   u p s t r e a m   o r i f i c e   p r e s e n t s  

p r o b l e m s   w i t h   r e s p e c t   to  p r o g r a m m i n g   t he   v a r i a t i o n   of  a i r / f u e l  

r a t i o   as  a  f u n c t i o n   of   e n g i n e   v a r i a b l e s   b e c a u s e   a  n e e d l e   c a n n o t  

be  u s e d   to   v a r y   t h e   a r e a   Od  w i t h o u t   c h a n g i n g   p r e s s u r e   r e c o v e r y .  

Even   w i t h o u t   p r e s s u r e   r e c o v e r y   f rom  the   u p s t r e a m   o r i f i c e ,   t h e  

two  o r i f i c e   in  s e r i e s   s y s t e m   p r o d u c e s  a n   e x c e l l e n t   p r e s s u r e  

s i g n a l ,   ΔPO  f o r   c o n t r o l l i n g   t h e   f u e l   r e g u l a t i o n   s y s t e m .  
u 

In  a d d i t i o n   to  i n h e r e n t   m a t h e m a t i c a l   i m p e r f e c t i o n s   o f  

t h e   a n a l o g y   s y s t e m ,   r e a l   a n a l o g y   s y s t e m s   have   p r a c t i c a l  

p r o b l e m s   b e c a u s e   of  t he   p r o b l e m s   a s s o c i a t e d   w i t h   p r e s s u r e  

t a p s .  

The  r e q u i r e m e n t   t h a t   p r e s s u r e   d o w n s t r e a m   o f  O d   a n d  

p r e s s u r e   u p s t r e a m   of  Ou  e x a c t l y   c o r r e s p o n d   to   t h e   p r o p e r  

s t a g n a t i o n   p r e s s u r e   u p s t r e a m   and  s t a t i c   p r e s s u r e   d o w n s t r e a m  

of   a i r   c o n t r o l l e r   b u t t e r f l y   v a l v e   fo r   a l l   v a l u e s   of  v a l v e  

s h a f t   e  i s   h a r d   to  m e e t .   For  a  s e t   e  ,   e r r o r s   due  to  c o n -  

n e c t i o n   p l a c e m e n t s   u p s t r e a m   and  d o w n s t r e a m   of  t he   two  o r i f i c e  

in  s e r i e s   a n a l o g y   s y s t e m   can  be  c o m p e n s a t e d   to  a  h i g h   d e g r e e  

of   e x a c t n e s s   by  c o m p e n s a t o r y   c h a n g e s   in  c o e f f i c i e n t s   o f  

d i s c h a r g e .   (The  e x a c t n e s s   of   t h i s   c o m p e n s a t i o n   can  be  v e r y  

g o o d   f o r   t h i s   b u t t e r f l y   v a l v e   s y s t e m ,   s i n c e   f o r   n o r m a l   e n g i n e  

o p e r a t i o n   t he   r a n g e   of  R e y n o l d s   n u m b e r s   i s   o n l y   a b o u t   4 : 1  

and  R e y n o l d s   n u m b e r s   a r e   v e r y   h i g h   in  any  c a s e ,   so  l ong   a s  

p e r i o d i c   f low  mode  s h i f t s ,   f o r   e x a m p l e   l a r g e   s c a l e   v o r t e x  

g r o w t h   and  s h e d d i n g ,   a r e   g u a r d e d   a g a i n s t . )  



T h e r e f o r e ,   b e c a u s e   of  i m p e r f e c t i o n s   in  the   f low  c o n -  

n e c t i o n s   ( p r e s s u r e   p i c k u p s )   t he   r a t i o   M  w i l l   v a r y   as  a 

Mf 

f u n c t i o n   of  a i r f l o w   v a l v e   s h a f t   a n g l e .   In  the   h i g h   R e y n o l d s  

number   l i m i t ,   t y p i c a l   of  t h i s   s y s t e m ,  

w i t h o u t   c o m p e n s a t i o n  

where   h ( e )   is   an  e r r o r   f u n c t i o n   wh ich   may  be  q u i t e   s m a l l   i f  

enough   c a r e   is  t a k e n   w i t h   a i r f l o w   p i c k u p   p o s i t i o n s .   E r r o r  

f u n c t i o n   h ( e )   can  be  c o m p e n s a t e d   ou t   by  c h a n g i n g   E q u a t i o n  

t o  

An  e x a c t l y   s y m m e t r i c a l   a r g u m e n t   to   t he   a r g u m e n t   l e a d i n g  

to  E q u a t i o n     can  be  made  c o n c e r n i n g   the   p r e s s u r e   p i c k u p s  

for   the   f u e l   p r e s s u r e   r e g u l a t i o n   s y s t e m   which   is  r e q u i r e d   t o  

make  ⑪   Pf  = K  Δ P d i a p h r a g m   t r u e .   A g a i n ,   t he   f low  c o n -  

n e c t i o n s   in  the   f u e l   s y s t e m   may  no t   p i c k   up  t r u e   u p s t r e a m  

s t a g n a t i o n   p r e s s u r e s   and  p r o b a b l y   w i l l   no t   p i c k   up  t r u e  

d o w n s t r e a m   s t a t i c   vena   c o n t r a c t a   p r e s s u r e s .   I m p e r f e c t i o n s  

in  the   f u e l   p r e s s u r e   p i c k u p s   w i l l   i n t r o d u c e   e r r o r s   so  t h a t ,  

even  w i t h     s a t i s f i e d ,   t h e r e   w i l l   be  an  e r r o r   f u n c t i o n  

which   can  be  e x p r e s s e d ,   s i n c e   the   f u e l   v a l v e   and  the   a i r   v a l v e  

a re   l i n k e d ,   a s  

The  p r o p e r   c o m p e n s a t i o n   to  a c h i e v e  

t h e r e f o r e ,   i s  

T h i s   c o n d i t i o n     can  be  s a t i s f i e d   by  c o n t r o l l i n g   t h e  

shape   of  c o n v e r g e n t   s u r f a c e s   17b  shown  in  F i g u r e s   5  and  5A.  

Th i s   s h a p i n g   is  s t r a i g h t f o r w a r d ,   and  must   be  done  e m p i r i c a l l y  

for   e a c h   m e t e r i n g   s y s t e m   d e s i g n .  



So  f a r ,   t h e   p r o b l e m   of  d e s i g n i n g   a  m e t e r i n g   s y s t e m  

h a v i n g   c o n s t a n t   a i r / f u e l   r a t i o   has   been   d i s c u s s e d .  

H o w e v e r ,   in  g e n e r a l   i t   is   d e s i r e d   to  v a r y   a i r / f u e l   r a t i o  a s  

some  s p e c i f i e d   f u n c t i o n   of  e n g i n e   o p e r a t i n g   v a r i a b l e s .   I n  

g e n e r a l  

M 
to  v a r y   a   in  p r o g r a m m e d   r e l a t i o n   to   e n g i n e   v a r i a b l e s  

Mf 

can  be  r e a d i l y   done   by  v a r y i n g   t h e   r a t i o   of  a r e a s   of  t he   t w o  

o r i f i c e   in  s e r i e s   s y s t e m   AOu COu AOd COd  =  n .  

I t   can  be  shown  t h a t ,   f o r   a i r f l o w s   p a s t   t he   a i r   t h r o t t l e  

much  l a r g e r   t h a n   t he   a i r f l o w   p a s t   t he   a n a l o g y   s y s t e m ,   Ma Mf 

v a r i e s   a p p r o x i m a t e l y   in  p r o p o r t i o n   to  n.  For  e x a c t   f u e l - a i r  

m e t e r i n g   r e q u i r e m e n t s   i t   i s   w o r t h w h i l e   to  d e f i n e   the   e x a c t  

r e l a t i o n   b e t w e e n   Ma  and  t h e   s i z e s   of  o r i f i c e s   Ou  and  Od .  

A  g r e a t   s i m p l i f i c a t i o n   in  t he   a n a l y s i s   i s   p o s s i b l e   i f  

t h e   a i r f l o w   p a s t   o r i f i c e   Od  is   l umped   t o g e t h e r   w i t h   the   a i r f l o w  

p a s t   t he   a i r   t h r o t t l e   v a l v e   p e r   s e ,   so  t h a t  

w h e r e   K   =  
roumax 

max  

The  e r r o r   i n v o l v e d   in  t h i s   s i m p l i f i c a t i o n   i s   s m a l l .   F o r  

e x a m p l e ,   i f   r oumax   =  .98  a n d  A o d   COd  e q u a l   to   25%  of  t h e  

i d l e   a i r f l o w ,   t h e   e r r o r   due  to   l u m p i n g   t h e   f l o w s   t o g e t h e r  

is   1/4%  a t   i d l e   and  t h i s   e r r o r   d e c l i n e s   i n v e r s e l y   w i t h   Ma,  

b e c o m i n g   i n s i g n i f i c a n t   as  t he   t h r o t t l e   o p e n s .  



Using   t h i s   a p p r o x i m a t i o n   i t   can  be  shown  t h a t   a i r / f u e l  

r a t i o ,   a   v a r i e s   e x a c t l y   in  p r o p o r t i o n   to  n  w h e n   ΔPod  and  ΔPa 

a r e   s m a l l   ( t he   c o n d i t i o n   w h i c h   o c c u r s   a t   r e l a t i v e l y   w ide   o p e n  

t h r o t t l e   o p e r a t i n g   c o n d i t i o n s ) .  

The  a l g e b r a   fo r   t h i s   low  ΔPOd  c a s e   is   as  f o l l o w s .  

For  low  ΔPOd,  f l o w s   a r e   n e a r l y   i n c o m p r e s s i b l e   s o  

S i n c e  

The  f u e l   r e g u l a t o r   o p e r a t e s   such   t h a t  

is  the   low  ΔPO d  c a s e .  

The  f u e l   f l ow  e q u a t i o n   i s  

In  t h i s   e q u a t i o n ,   h o l d i n g   e v e r y t h i n g   bu t   n  c o n s t a n t ,   Mf  i s  

e x a c t l y   p r o p o r t i o n a l   to  1 n,  wh ich   shows  t h a t   for   t he   low  ΔPOd 

c a s e   M  is   e x a c t l y   p r o p o r t i o n a l   to  n .  

When  ΔPOd  b e c o m e s   l a r g e   e n o u g h   f o r   i m p o r t a n t   c o m p r e s -  

s i b i l i t y   e f f e c t s ,   Ma Mf  is  no  l o n g e r   e x a c t l y   p r o p o r t i o n a l   to  n ,  

bu t   the   a p p r o x i m a t e   p r o p o r t i o n a l i t y   r e m a i n s ,   and  the   e x a c t  

p r o p o r t i o n a l i t y   can  be  c a l c u l a t e d   e x a c t l y .   I t   has  a l r e a d y  

been  shown  how  to  d e r i v e   t h i s   e r r o r   f u n c t i o n   i m p l i c i t l y .   F o r  

any  v a l u e   of  n  = AOu COu AOd COd there  e x i s t s   a  ΔPOumax  w h i c h   o c c u r s  



when  ΔPa  and  ΔPOd  a r e   l a r g e   e n o u g h   to  p r o d u c e   s o n i c   f low  p a s t  
o r i f i c e   Od.  I f   ΔPOu  is   an  x%  p r e s s u r e   d r o p ,   t he   s y s t e m   p r o -  

d u c e s   a  ½x%  r e d u c t i o n   in  MOd  and  h e n c e   a  ½x%  i n c r e a s e   i n  

Ma Mf  o v e r   the Ma Mf  v a l u e   fo r   s e t   n.  A c c o u n t i n g   fo r   c o m p r e s s i b i l i t y  

e f f e c t s ,   t h e r e f o r e  

w h e r e   Ps  is  s t a g n a t i o n   p r e s s u r e   u p s t r e a m   of  t h e   a i r   t h r o t t l e .  

For  v a l u e s   of  ΔPOu  l e s s   t h a n   
DPOumax  

E q u a t i o n     i s  

s t i l l   v e r y   n e a r l y   e x a c t .   For  p r a c t i c a l   s y s t e m s   r e q u i r i n g  

p r e c i s i o n   i t   i s   e a s y   to   h o l d  

so  t h e   p r o p o r t i o n a l i t y  

b e t w e e n   n  and  Ma Mf  is   a  good   o n e .  

The  f o r e g o i n g   a n a l y s i s   is   v e r y   good  i f   n  =   AOu COu AOd COd  i s  

v a r i e d   by  c h a n g e s   in  u  COu,since  c h a n g i n g   t h e   u p s t r e a m   o r i f i c e  

has   a l m o s t   no  e f f e c t   on  a i r f l o w   p a s t   t he   d o w n s t r e a m   o r i f i c e .  

C h a n g i n g   the   a r e a   of  t h e   d o w n s t r e a m   o r i f i c e   d o e s   e f f e c t   t h e  

v a l u e   of  a i r f l o w   i n t o   t he   s y s t e m ,   and  the   e f f e c t   of  t h i s   c a n  

be  c o m p u t e d   e x a c t l y   by  any  s k i l l e d   e n g i n e e r   who  has   f o l l o w e d  

t h e   f o r e g o i n g   a n a l y s i s .   The  e f f e c t   of  c h a n g e s   in  d o w n s t r e a m  

o r i f i c e   a r e a ,   AOd  COd,  i s   m o s t   i m p o r t a n t   n e a r   i d l e   a i r f l o w s .  

I t   has  been   shown  t h a t   a i r / f u e l   r a t i o ,   a ,   v a r i e s  

d i r e c t l y   w i t h   t he   e f f e c t i v e   a r e a   of  o r i f i c e   O u , A O u  C O u ,   a n d  

v a r i e s   a p p r o x i m a t e l y   i n v e r s e l y   w i t h   t he   e f f e c t i v e   a r e a   of  Od 
AOd  COd.  C o n t r o l   of  Ma,  t h e r e f o r e ,   can  be  a c h i e v e d   by  v a r y i n g  

AOu  COu,  by  v a r y i n g   AOd  COd,  or  by  v a r y i n g   b o t h   in  c o m b i n a t i o n .  

O r i f i c e s   Od  and  Ou  can  be  b u i l t   c o n v e n i e n t l y   l a r g e ,  

( w i t h   Od  l a r g e   e n o u g h   to  p a s s   as  much  a s  ¼  of  t he   e n g i n e  

i d l e   f l o w ) .   The  l a r g e   s i z e   of  t h e s e   o r i f i c e s   p e r m i t s  

AOu  COu  and  AOd COd  to   be  c o n t r o l l e d   to  an  a c c u r a c y   uncommon  



in  f u e l - a i r   m e t e r i n g   s y s t e m s .   M o d u l a t i o n   o f  AOd  COd  or  AOu  COu 

can  be  done  w i t h   l a r g e   s h a p e d   n e e d l e s ,   w h i c h   a r e   a l s o   c o n d u c i v e  

to  h i g h   a c c u r a c y .   I t   s h o u l d   a l s o   be  c l e a r   t h a t   e i t h e r   o r i f i c e  

Ou  or  0d  c o u l d   be  r e p l a c e d   by  two  or  more  o r i f i c e s   in  p a r a l l e l ,  

f o r   i n s t a n c e  

In  t h i s   way,  s e v e r a l   s t e p p e d   n e e d l e s ,   e a c h   s e t   to  c o m p e n s a t e  

fo r   an  e n g i n e   v a r i a b l e   and  each  h a v i n g   a  l i m i t e d   r a n g e   o f  

a u t h o r i t y ,   can  be  b u i l t   i n t o   the   two  o r i f i c e   in  s e r i e s  
a n a l o g y   s y s t e m   w h i c h   r e g u l a t e s   ΔPf.  B e c a u s e   of  the   l a r g e  

a b s o l u t e   s i z e s   of  t he   o r i f i c e s   Ou  and  Od,  and  the   s i m p l i c i t y  

of  the   r e l a t i o n  

p r o g r a m m e d   m o d u l a t i o n   of  o r i f i c e   a r e a s   f o r   Od  and  Ou 
o f f e r s   an  e x c e l l e n t   way  of  p r o g r a m m i n g   t he   s y s t e m   t o  

a c h i e v e   any  s p e c i f i e d  



The  a b o v e   a n a l y s i s   i s   e x a c t   i f   t he   f l u i d  m e c h a n i c a l   d e -  

t a i l s   d e s c r i b e d   in  t h e   d r a w i n g s   axe  p r o p e r l y   a t t e n d e d   t o .   A 

r e a s o n a b l y   s k i l l e d   f l u i d   m e c h a n i c a l   d e s i g n e r ,   p r e c e d i n g   w i t h  

d e s i g n   a c c o r d i n g   to  t h e   p r e s e n t   i n v e n t i o n ,   s h o u l d   h a v e   h i s   s y s -  

tem  f i t   i t s   b a s i c   e q u a t i o n s   w i t h i n   an  a c c u r a c y   of  r o u g h l y  -   o n e  

h a l f   of  one  p e r c e n t .   The  d e s i g n e r   s h o u l d   a l s o   be  a b l e   to   q u i c k -  

ly  p i n p o i n t   t r o u b l e s ,   and  a l s o   r a t i o n a l l y   p r o g r a m   t h e   s y s t e m .  

For   e x a m p l e ,   in   F i g u r e   3  c o n n e c t i n g   rod   99  and  c o m p e n s a t i n g  

rod   70  a r e   n o t   of  t h e   same  d i a m e t e r   and  in  c o n s q u e n c e   t h e   a i r  

f u e l   r a t i o   o f   t h e   m e t e r i n g   s y s t e m   w i l l   t e n d   to   r i c h e n   a t   v e r y  
low  i n t a k e   m a n i f o l d   v a c u u m s .   The  e x a c t   e f f e c t   f o r   s p e c i f i c  

v a l u e s   of  r o d   d i a m e t e r s   s h o u l d   be  c l e a r ,   and  s h o u l d   f i t   m a t h -  

e m a t i c s   v e r y   c l o s e l y .   S i m i l a r l y ,   c h a n g i n g   t h e   s h a p e   of   e n t r a n c e  

c u r v a t u r e   s u r f a c e s   176  as  in  F i g u r e   5A  can  s e r v e   to   s h i f t   t h e  

a i r   f u e l   r a t i o   of   t h e   m e t e r i n g   s y s t e m   as  some  s y s t e m a t i c   f u n c -  

t i o n   of  t h r o t t l e   s h a f t   a n g l e   @ .  

Very   e x a c t   a n a l y s i s   of   t h e   d y n a m i c   r e s p o n s e   of   t h e   m e -  

t e r i n g   s y s t e m   i s   p o s s i b l e .   S i n c e   t he   f u e l   v a l v e   and  a i r   v a l v e  

a r e   on  t h e   same  s h a f t ,   t h e r e   i s   no  l a g   b e t w e e n   f u e l   v a l v e   a n d  

a i r   v a l v e   o p e n i n g ,   b u t   l a g s   do  o c c u r   b e c a u s e   i t   t a k e s   f i n i t e  

t i m e   f o r   e q u i l i b r a t i o n   to   h a p p e n   in   t he   two  o r i f i c e   in  s e r i e s  

s y s t e m   and  in   t h e   f u e l   r e g u l a t o r   s e r v o   v a l v e   s y s t e m .   The  t i m e  

f o r   e q u i l i b r i u m   in  t h e   two  o r i f i c e   in  s e r i e s   a i r   f l o w   b y p a s s  

s y s t e m   i s   e x t r e m e l y   f a s t .   T y p i c a l l y ,  +   r e s p o n s e   of  t h e   a n a l -  

ogy  p a s s a g e   o c c u r s   in  a p p r o x i m a t e l y   the   t i m e   i t   t a k e s   f o r   t h e  

d o w n s t r e a m   o r i f i c e   to  p a s s   t h e   m a s s   f l o w   r e q u i r e d   to  c h a n g e   t h e  

d e n s i t y   in  t h e   v o l u m e   b e t w e e n   t h e   two  o r i f i c e s   to   e q u i l i b r i u m  

v a l u e .   For   a  1  p e r c e n t   c h a n g e   in   d e n s i t y   t h i s   i s   t h e   t i m e   i t  

t a k e s   to  p a s s   I  p e r c e n t   of   t h e   c h a m b e r   v o l u m e   b e t w e e n   t h e   o r i -  

f i c e s   p a s t   t h e   d o w n s t r e a m   o r i f i c e .   T h i s  1  c   v a l u e   can   r e a d i l y  

be  h e l d   to   s o m e t h i n g   l i k e   f i v e   m i l l i s e c o n d s ,   w h i c h   i s   v e r y   f a s t  

f o r   a  m e t e r i n g   s y s t e m .   The  e q u i l i b r a t i o n   t i m e   of   t h e   s e r v o  

c o n t r o l l e d   f u e l   v a l v e ,   f o r   e x a m p l e ,   t he   t i m e   f o r   a x i a l   a d j u s t -  

ment   of  p i s t o n   rod   95  in   F i g u r e   3,  i s   no t   so  f a s t   as  a d j u s t m e n t  

in  the   a i r   b y p a s s   s y s t e m   i t s e l f ,   b u t   can  be  made  e x t r e m e l y   f a s t .  

The  r a t e   a t   w h i c h   t he   f u e l   s e r v o   e q u i l i b r a t e s   i s   m o s t l y   d e t e r -  

m i n e d   by  t h e   l a m i n a r   d a m p i n g   c o e f f i c i e n t   of  c i g a r e t t e   f i l t e r  

102,   w h i c h   can   be  r e a d i l y   c o n t r o l l e d .   T h i s   e q u i l i b r a t i o n   t i m e  



can  be  t e s t e d   w i t h   an  a r r a n g e m e n t   w h i c h   p u t s   a  q u i c k   p u l s e   o f  

f u e l   i n t o   a  p a s s a g e   s u c h   as  86  of  F i g u r e   3,  and  wh ich   t h e n   m o n -  

i t o r s   t h e   t ime   f o r   e q u i l i b r i u m   w i t h   a  p i e z o   e l e c t r i c   c r y s t a l .  

The  s y s t e m  G   can  r e a d i l y   be  h e l d   b e l o w   30  m i l l i s e c o n d s   a n d  

t h e r e f o r e   t he   d y n a m i c   r e s p o n s e   to  t h e   c u r r e n t  m e t e r i n g   s y s t e m  

can  be  e x c e p t i o n a l l y   f a s t .   I t   i s   w o r t h   n o t i n g   t h a t   w i t h   o r i -  

f i c e   s i z e s   c o r r e s p o n d i n g   to  d i a p h r a g m   f u e l   pump  p r e s s u r e s   t h e  

d y n a m i c   e r r o r s   in  t h e  m e t e r i n g   s y s t e m   d u r i n g   an  a c c e l e r a t i o n  

a r e   e r r o r s   f rom  t he   r i c h   s i d e   ( w h i c h  i s   t h e   s a f e   s i d e )   so  t h a t  

n o t h i n g   a n a l o g o u s   to  an  a c c e l e r a t o r   pump  i s   r e q u i r e d   by  t h e  

f u n c t i o n   of  t h e  m e t e r i n g   s y s t e m   c u r v e   p e r   s e .  

We  b e l i e v e   t h a t   we  have   now  d i s c l o s e d   e v e r y t h i n g   r e q u i r -  

ed  to   p e r m i t   men  s k i l l e d   in  t he   f l u i d   m e c h a n i c a l   and  m e c h a n i c a l  

e n g i n e e r i n g   a r t s   to  p r o d u c e   a  m e t e r i n g   s y s t e m   of  s i m p l e   and  r e -  

l a t i v e l y   i n e x p e n s i v e   c o n s t r u c t i o n   and  u n p r e c e d e n t e d   a c c u r a c y .  



1.  An  a i r   f u e l   m e t e r i n g   s y s t e m   f o r   an  i n t e r n a l   c o m b u s -  

t i o n   e n g i n e   i n c l u d i n g   an  i n t a k e   m a n i f o l d ,  

an  a i r f l o w   p a s s a g e   f e e d i n g   s a i d   i n t a k e   m a n i f o l d ,  

s a i d   a i r f l o w   p a s s a g e   h a v i n g   a  v a r i a b l e   a r e a   a i r   f l o w   o r i f i c e  

v a l v e   t h e r e i n ,  

a  f u e l   f l o w   p a s s a g e   h a v i n g   a  v a r i a b l e   a r e a   f l o w - o r i -  

f i c e   v a l v e   t h e r e i n ,   means   f o r   c o n t r o l l i n g   in   a  m u t u a l l y   v a r -  

i a b l e   m a n n e r   t h e   a i r   f l o w   v a r i a b l e   o r i f i c e   a r e a   v a l v e   a n d  

t h e   f u e l   f l o w   v a r i a b l e   o r i f i c e   a r e a   v a l v e   w h e r e b y   t h e   r a t i o  

of   t h e   e f f e c t i v e   a r e a s   of  t h e   a i r   f l o w   o r i f i c e   a r e a   to  t h e  

f u e l   f l o w   i s   m a i n t a i n e d   in   a p p r o x i m a t e   p r o p o r t i o n ,  

m e a n s   to  r e g u l a t e   t h e   p r e s s u r e   d r o p   a c r o s s   t h e   f u e l  

o r i f i c e   t o   be  p r o p o r t i o n a l   to   t h e   p r e s s u r e   d r o p   a c r o s s   t h e  

u p s t r e a m   o r i f i c e   of  a  two  o r i f i c e   in  s e r i e s   a i r - f l o w   s y s t e m  

c o n s i s t i n g   of  an  u p s t r e a m   c h a m b e r   o p e n l y   c o n n e c t e d   to  t h e  

a i r   p r e s s u r e   u p s t r e a m   of  t h e   a i r   f l o w   o r i f i c e ;   an  u p s t r e a m  

o r i f i c e   c o n n e c t i n g   s a i d   u p s t r e a m   c h a m b e r   and  an  i n t e r m e d i a t e  

c h a m b e r   p r o v i d e d   w i t h   an  a i r   p r e s s u r e   b a l a n c i n g   s y s t e m   w i t h  

one  s i d e   of   s a i d   b a l a n c i n g   s y s t e m   a t   u p s t r e a m   c h a m b e r  p r e s -  

s u r e   and  t h e   o t h e r   s i d e   a t   an  i n t e r m e d i a t e   c h a m b e r   p r e s s u r e  

and  a  d o w n s t r e a m   o r i f i c e   c o n n e c t i n g   s a i d   i n t e r m e d i a t e   c h a m -  

b e r   w i t h   a  c h a m b e r   o p e n l y   c o n n e c t e d   to   t h e   p r e s s u r e   d o w n -  

s t r e a m   of   s a i d   v a r i a b l e   a r e a   a i r   f l o w   o r i f i c e   v a l v e   w h e r e  

t h e   p r e s s u r e   d r o p   a c r o s s   t h e   v a r i a b l e   a r e a   f u e l   o r i f i c e   i s  

r e g u l a t e d   w i t h   a  f e e d - b a c k   f u e l   f l o w   r e s t r i c t i o n   c o n t r o l  

w h i c h   e q u i l i b r a t e s   when  p r e s s u r e   d r o p   a c r o s s   t h e   f u e l   o r i -  

f i c e   i s   in   p r o p o r t i o n   to  t h e   f o r c e   f rom  s a i d   a i r   p r e s s u r e  

b a l a n c i n g   s y s t e m ;   and  w h e r e i n  

t h e   v a r i a b l e   a r e a   f u e l   f l o w   o r i f i c e   v a l v e   o b e y s   t h e  

f l o w   r e l a t i o n  

w h e r e   ( f i x e d   e x a c t   f u n c t i o n a l  

A f  =  h ( A a )   r e l a t i o n   b e t w e e n  f u e l  

v a l v e   a r e a   and  a i r   v a l / e  

a r e a )  

w h e r e   t h e   c o e f f i c i e n t   of   d i s c h a r g e   C f   i s   s u b s t a n -  



C l a i m   1  ( c o n t . )  

t i a l l y   c o n s t a n t   o v e r   t he   R e y n o l d s   n u m b e r   r a n g e  
r e l e v a n t   f o r   any  s e t   A f  

and  w h e r e  Δ  PI  i s   t h e   f u e l   p r e s s u r e   d i f f e r e n t i a l  

a c r o s s   t he   v a l v e   a t   w e l l   d e f i n e d   p r e s s u r e   t a p  

p o s i t i o n s  

and  w h e r e i n  

t he   v a r i a b l e   a r e a   a i r   f l o w   o r i f i c e   v a l v e   o b e y s .  

the   f l o w   r e l a t i o n  

w h e r e  A f   =  g  ( A o )  i n   an  e x a c t   m a t h e m a t i c a l   r e l a t i o n  

and  w h e r e  A f   and  AQ  v a r y   in  r o u g h   p r o p o r t i o n  

w h e r e   t he   a i r   v a l v e   i s   so  s h a p e d   t h a t  C a   is   e f f e c -  

t i v e l y   i n v a r i a n t   o v e r   t he   o p e r a t i n g   r a n g e   o f  

Mach  n u m b e r   of  t h e   d e v i c e ,  
w h e r e  Δ P a   i s   t h e   d i f f e r e n c e   b e t w e e n   u p s t r e a m   s t a g -  

n a t i o n   p r e s s u r e   and  d o w n s t r e a m   v e n a   c o n t r a c t a  

s t a t i c   p r e s s u r e  
and  w h e r e i n   t h e   means   to  r e g u l a t e   t he   p r e s s u r e   d r o p  

a c r o s s   t h e   f u e l   o r i f i c e   to  be  p r o p r o t i o n a l   t o  

the   p r e s s u r e   d r o p   a c r o s s   t h e   u p s t r e a m   o r i f i c e  

of  a  two  o r i f i c e   in  s e r i e s   f l o w   s y s t e m   o b e y s  

one  of  t he   f o l l o w i n g   e q u a t i o n s  

o r  

and  w h e r e  Δ  Pou  is   t h e  Δ p   a c r o s s   an  u p s t r e a m   o r i -  

f i c e  

w h e r e   t h e  

s y s t e m   of  two  o r i f i c e s   in  s e r i e s   has   an  u p s t r e a m  
o r i f i c e  O u   and  a  d o w n s t r e a m   o r i f i c e   O d  

w h e r e   each   o r i f i c e   o b e y s   t he   f o l l o w i n g   e q u a t i o n  

ana  w h e r e  
A o d   Cod  < <   A o u   C o u  

so  t h a t  Δ  P o u   i s   p r o p o r t i o n a l   to  M2a AaCa 

so  that Mf Ma  is   r e g u l a t e d   to  a  c o n s t a n t   p r o p o r t i o n .  



2.  The  i n v e n t i o n   as  s e t   f o r t h   in  C l a i m   I  a n d  

w h e r e i n   t h e   f e e d   b a c k   f u e l   f l o w   r e s t r i c t i o n   c o n t r o l  

c o m p r i s e s   a  c y l i n d r i c a l   f u e l   c h a m b e r   w i t h   a  p i s t o n   v a l v e   r e -  

c i p r o c a b l y   c a r r i e d   t h e r e i n ,   f i r s t   p a s s a g e   means   f o r   s u p p l y i n g  

f u e l   u p s t r e a m   of  t h e   f u e l   v a l v e   in   c o m m u n i c a t i o n   w i t h   t h e  

one  end  of   t h e   p i s t o n   v a l v e ,   a  s e c o n d   p a s s a g e   means   f l u i d l y  

c o n n e c t i n g   t h e   d o w n s t r e a m   s i d e   of   t h e   f u e l   v a l v e   to   t h e   o t h e r  

end  of   t h e   p i s t o n ,  

a  f u e l   d i s c h a r g e   p a s s a g e   in   c o m m u n i c a t i o n   w i t h   t h e  

f u e l   c h a m b e r   and  d o w n s t r e a m   of   t h e   f u e l   v a l v e   o r i f i c e   a n d  

means   c o n n e c t i n g   t h e   d o w n s t r e a m   s i d e   of  t h e   a i r   p r e s s u r e   b a l -  

a n c i n g   s y s t e m   to  t h e   p i s t o n   v a l v e  

w h e r e b y   t h e  Δ p   on  t h e   a i r   p r e s s u r e   b a l a n c i n g   s y s t e m  

p r o d u c e s   a  f o r c e   o p p o s i n g   t h e   f o r c e   p r o d u c e d   by  t h e  A P   a c r o s s  

t h e   p i s t o n   v a l v e   so  t h a t   any  i m b a l a n c e   b e t w e e n   t h e   two  f o r c e s  

c a u s e s   t h e   p i s t o n   v a l v e   to  move  in   a  d i r e c t i o n   to  d e c r e a s e  

t h e   f o r c e   i m b a l a n c e   by  c h a n g i n g  Δ p   a c r o s s   t h e   f u e l   v a l v e  

u n t i l   e q u i l i b r i u m   i s   r e a c h e d .  

3.  The  i n v e n t i o n   as  s e t   f o r t h   in  C l a i m   2  and  w h e r e i n  

t h e   f u e l   d i s c h a r g e   p a s s a g e   i s   p e r p e n d i c u l a r   to   t h e   a x i s   o f  

t h e   c y l i n d r i c a l   f u e l   c h a m b e r .  

4.  The  i n v e n t i o n   as  s e t   f o r t h   in  C l a i m   3  and  w h e r e i n  

t h e r e   a r e   p r o v i d e d   a  p l u r a l i t y   of   f u e l   d i s c h a r g e   p a s s a g e s  

r a d i a l l y   and  s y m e t r i c a l l y   s p a c e d   a r o u n d   t h e   c y l i n d e r   w a l l   s o  

as  to   s u b s t a n t i a l l y   e l i m i n a t e   s t a t i c   f r i c t i o n   p r o d u c i n g   s i d e  

f o r c e s   w h i c h   w o u l d   i n t e r f e r e   w i t h   t r a n s l a t i o n a l   e q u i l i b r i u m .  

5.  The  i n v e n t i o n   as  s e t   f o r t h   in   C l a i m   2  and  w h e r e i n  

t h e   means   c o n n e c t i n g   t h e   p i s t o n   v a l v e   d o w n s t r e a m   s i d e   of  t h e  

a i r   p r e s s u r e   b a l a n c i n g   s y s t e m   i s   a  rod   w h e r e b y   t h e   p r e s s u r e  

d i f f e r e n t i a l   b e t w e e n   t h e   f u e l   p r e s s u r e   and  t h e   a i r   p r e s s u r e  

p r o d u c e s   an  u n d e s i r a b l e   f o r c e   and  w h e r e i n   a  c o m p e n s a t o r y   r o d  

is   c o n n e c t e d   to   t h e   o t h e r   s i d e   of  t h e   a i r   p r e s s u r e   b a l a n c i n g  

s y s t e m   and  in  p r e s s u r e   c o m m u n i c a t i o n   w i t h   s a i d   s e c o n d   p a s s a g e  
to  c o u n t e r a c t   s a i d   u n d e s i r a b l e   f o r c e .  



6.  The  i n v e n t i o n   as  s e t   f o r t h   in  C l a i m  1   and  w h e r e i n  

t he   a i r   f l ow  o r i f i c e   v a l v e   and  f u e l   f l o w   o r i f i c e   v a l v e   a r e  

on  the   same  s h a f t .  

7.  The  i n v e n t i o n   as  s e t   f o r t h   in  C l a i m   1  and  w h e r e i n  

s a i d   a i r   f l ow  o r i f i c e   v a l v e   has  a  c o e f f i c i e n t   of  d i s c h a r g e  

C  a  w h i c h   i s   i n s e n s i t i v e   t o  Δ p   v a r i a t i o n s   i n v o l v i n g   s u b s t a n -  

t i a l   c h a n g e s   in  Mach  n u m b e r   c o m p r i s i n g   a  s m o o t h l y   c o n v e r g e n t  

u p s t r e a m   f a c e   and  a  d o w n s t r e a m   f a c e   c u r v e d   so  as  to  s t a b i l -  

i z e   a  p a r a s i t i c   e n t r a i n e d   v o r t e x   so  t h a t   t h e   m e r g e r   of  t h e  

c o n v e r g e n t   f l o w   p a s t   t h e   v a l v e   w i t h   t h e   d o w n s t r e a m   e n t r a i n e d  

v o r t e x   p r o d u c e s   a  s u b s t a n t i a l l y   c o n s t a n t   vena   c o n t r a c t a   a r e a  

and  t h u s   a  c o n s t a n t   c o e f f i c i e n t   of  d i s c h a r g e   o v e r   t he   r e l e -  

v a n t   e n g i n e   o p e r a t i n g   Mach  n u m b e r   r a n g e   w h i c h   Mach  n u m b e r  

r a n g e   v a r i e s   in  a c c o r d a n c e   w i t h   t h e   a i r   f l o w   o r i f i c e   v a l v e  

o p e n i n g .  

8.  The  i n v e n t i o n   as  s e t   f o r t h   in  C l a i m   I  and  w h e r e i n  

t h e   R e y n o l d s   n u m b e r   i n s e n s i t i v e   f u e l   f l o w   o r i f i c e   c o m p r i s e s  

an  u p s t r e a m   p a s s a g e   h a v i n g   s m o o t h l y   c o n v e r g e n t   p a s s a g e   w a l l s  

to  s h a p e   the   c o n v e r g e n t   f u e l   f l o w   s t r e a m l i n e s ,   s a i d   o r i f i c e  

h a v i n g   a  minimum  f l o w   c r o s s   s e c t i o n a l   v a r i a b l e   a r e a ,   a n d  

w h e r e b y   t he   f l o w   p a s s a g e   d i r e c t l y   d o w n s t r e a m   of  s a i d   f u e l  

f l o w   o r i f i c e   minimum  a r e a   e x p a n d s   s u d d e n l y   f o r   c o m p l e t e   d e -  

t a c h m e n t   of  t he   f l o w   s t r e a m l i n e s   d o w n s t r e a m   of  the   f u e l   f l o w  

o r i f i c e   to  m i n i m i z e   p r e s s u r e   r e c o v e r y   f rom  t h e   vena   c o n t r a c t a  

s t a t i c   p r e s s u r e   in  s a i d   d o w n s t r e a m   p a s s a g e ,   so  t h a t   s a i d  

d o w n s t r e a m   p a s s a g e   p r e s s u r e   a p p r o x i m a t e s   s a i d   vena   c o n t r a c t a  

s t a t i c   p r e s s u r e .  

9.  The  i n v e n t i o n   as  s e t   f o r t h   in  C l a i m   1  and  w h e r e i n  

t h e   r a t i o   of  t he   mass   of  a i r   (MA)  w i t h   r e s p e c t   to  t he   m a s s  
of  f u e l   ( M f )   may  be  v a r i e d   in  a c c o r d a n c e   w i t h   e n g i n e   c o n t r o l  

v a r i a b l e s   by  c h a n g i n g   t he   r a t i o   of  a r e a s   of  the   s y s t e m   of  t w o  

o r i f i c e s   in  s e r i e s ,   Aou Cou Aod Cod,  by  c h a n g i n g   e i t h e r   t he   e f -  

f e c t i v e   f low  c r o s s   s e c t i o n   of  t he   u p s t r e a m   o r i f i c e   ( σ µ )   o r  

t he   e f f e c t i v e   f l o w   c r o s s   s e c t i o n   of  t h e   d o w n s t r e a m   o r i f i c e  

( σ δ ) .  



10.  The  i n v e n t i o n   as  s e t   f o r t h   in   C l a i m   1  and  w h e r e i n  

t h e   s y s t e m   of  two  o r i f i c e s   in   s e r i e s   c o n s i s t s   of  o r i f i c e s  

w h i c h   a r e   b o t h   s u b s t a n t i a l l y   i n s e n s i t i v e   to   v a r i a t i o n s   i n  

R e y n o l d s   n u m b e r   and  Mach  n u m b e r   w h e r e   e a c h   o r i f i c e   o b e y s   t h e  

f o l l o w i n g   e q u a t i o n :  

11.  The  i n v e n t i o n   as  s e t   f o r t h   in   C l a i m   2  and  w h e r e i n  

t h e   f i r s t   p a s s a g e   means   f o r   f u e l   s u p p l y   u p s t r e a m   of  t h e   v a l v e  

i s   p r o v i d e d   w i t h   a  f u e l   p a s s a g e   c o n n e c t i n g   w i t h   s a i d   one  e n d  

of  t h e   p i s t o n   v a l v e   and  s a i d   f u e l   p a s s a g e   i s   p r o v i d e d   w i t h   a  

f l u i d   r e s i s t a n c e   means   to  damp  o s c i l l a t i o n   of  t h e   r e g u l a t i v e  

f e e d   b a c k   f u e l   f l o w   r e s t r i c t i o n   c o n t r o l .  

12.  The  i n v e n t i o n   as  s e t   f o r t h   in   C l a i m   11  and  w h e r e i n  

t h e   r e s i s t a n c e   m e a n s   i s   a  l a m i n a r   f l o w   r e s i s t a n c e .  

13.   The  i n v e n t i o n   as  s e t   f o r t h   in   C l a i m   I  and  w h e r e i n  

f u e l   s u p p l y   m e a n s   i s   f l u i d l y   c o n n e c t e d   to  t h e   f u e l   f l o w   p a s -  

s a g e ,   s a i d   f u e l   s u p p l y   means   s u p p l y i n g   f u e l   a t   a  p r e s s u r e  

r e a s o n a b l y   c o n s t a n t   o v e r   s h o r t   p e r i o d s   of  t h e   t i m e .  

14.  The  i n v e n t i o n   as  s e t   f o r t h   in   C l a i m   13  and  w h e r e i n  

t h e   f u e l   s u p p l y   means   i n c l u d e s   an  a c c u m u l a t o r   f o r   d a m p i n g  

p u r p o s e s .  

15.   The  i n v e n t i o n   as  s e t   f o r t h   in   C l a i m   2  and  w h e r e i n  

t h e   f e e d   b a c k   f u e l   f l o w   r e s t r i c t i o n   c o n t r o l   c o m p r i s e s   a  c y l -  

i n d r i c a l   f u e l   c h a m b e r   w i t h   a  p i s t o n   v a l v e   r e c i p r o c a l l y   c a r -  

r i e d   t h e r e i n ,   f i r s t   p a s s a g e   means   f o r   s u p p l y   f u e l   u p s t i e a m  

of  t h e   f u e l   v a l v e   in   c o m m u n i c a t i o n   w i t h   t h e   one  end  of  t h e  

p i s t o n   v a l v e ,   a  s e c o n d   p a s s a g e   means   f l u i d l y   c o n n e c t i n g   t h e  

d o w n s t r e a m   s i d e   of   t h e   f u e l   v a l v e   to   t h e   o t h e r   end  of  t h e  

p i s t o n ,  

a  f u e l   d i s c h a r g e   p a s s a g e   in  c o m m u n i c a t i o n   w i t h   t h e  

f u e l   c h a m b e r ,   w h e r e i n   t he   p r o j e c t e d   p r e s s u r e   f o r c e s   due  t o  

p r e s s u r e   d i f f e r e n t i a l   b e t w e e n   s a i d   d i s c h a r g e   p a s s a g e   and  t h e  



f u e l   c h a m b e r   a r e   s u b s t a n t i a l l y   p e r p e n d i c u l a r   to  t h e   a x i s   o f  

t h e   f u e l   c h a m b e r   and  a l s o   w i t h   t h e   f u e l   d i s c h a r g e   p a s s a g e  

d o w n s t r e a m   of  t h e   f u e l   v a l v e   o r i f i c e ,   and  m e a n s   c o n n e c t i n g  

t h e   d o w n s t r e a m   s i d e   of  t h e   a i r   p r e s s u r e   b a l a n c i n g   s y s t e m   t o  

t h e   p i s t o n   v a l v e   w h e r e b y   t h e  Δ P  o n   t h e   a i r   p r e s s u r e   b a l a n c -  

i ng   s y s t e m   p r o d u c e s   a  f o r c e   o p p o s i n g   t h e   f o r c e   p r o d u c e d   b y  

t h e   4  P   a c r o s s   t h e   p i s t o n   v a l v e   so  t h a t   any  i m b a l a n c e   b e -  

t w e e n   t h e   two  f o r c e s   c a u s e s   t h e   p i s t o n   v a l v e   to   move  in   a  

d i r e c t i o n   to   d e c r e a s e   t h e   f o r c e   i m b a l a n c e   by  c h a n g i n g   t h e  

Δ P   a c r o s s   t h e   f u e l   v a l v e   u n t i l   e q u i l i b r i u m   is   r e a c h e d ,   a n d  

w h e r e b y   s a i d   e q u i l i b r i u m   i s   i n s e n s i t i v e   to  t he   v a l u e   of  t h e  

s u b s t a n t i a l l y   p e r p e n d i c u l a r   f o r c e   due  to  t h e   p r e s s u r e   d i f f e r -  

e n t i a l   a c r o s s   s a i d   p i s t o n   v a l v e   b e t w e e n   s a i d   f u e l   c h a m b e r  

and  s a i d   d i s c h a r g e   p a s s a g e .  

16.  The  i n v e n t i o n   as  s e t   f o r t h   in  C l a i m   6  and  w h e r e i n  

e a c h   v a l v e   has   a  g e o m e t r i c a l   p r o j e c t e d   a r e a   r e s p o n d i n g   to  t h e  

e q u a t i o n  

w h e r e  K  ≤  |  

a n d  φ  i s  a  g i e m   s h a f t   a n g l e  

17.  The  i n v e n t i o n   as  s e t   f o r t h   in  C l a i m   1  and  w h e r e i n  

t h e   a i r   f l o w   o r i f i c e   v a l v e   and  t h e   f u e l   f l o w   o r i f i c e   v a l v e  

e a c h   have   a  g e o m e t r i c a l   p r o j e c t e d   a r e a   r e s p o n d i n g   to  t he   e -  

q u a t i o n  

w h e r e   K  ≤  I  

a n d  φ   i s   t h e   m a t c h e d   a n g l e   of  r o t a t i o n   f o r   e a c h  

v a l v e .  

18.  The  i n v e n t i o n   as  s e t   f o r t h   in  C l a i m   5  and  w h e r e i n  

t h e   a i r   p r e s s u r e   b a l a n c i n g   s y s t e m   i n c l u d e s   a  p i s t o n - l i k e  

member   r e s p o n s i v e   to  t he   p r e s s u r e   d i f f e r e n t i a l   b e t w e e n   t h e  

f u e l   p r e s s u r e   and  t h e   a i r   p r e s s u r e   s a i d   p i s t o n - l i k e   m e m b e r  

b e i n g   r e s p o n s i v e   to  e x t r e m e l y   low  p r e s s u r e   d i f f e r e n c e s ,   a n d  

w h e r e i n   t h e   rod  i s   c o n n e c t e d   to  t h e   p i s t o n - l i k e   m e m b e r .  

19.  The  i n v e n t i o n   as  s e t   f o r t h   in  C l a i m   18  and  w h e r e i n  

t he   p i s t o n - l i k e   member   is   a  d i a p h r a g m .  



20.  The  i n v e n t i o n   as  s e t   f o r t h   in   C l a i m   18  and  w h e r e i n  

t h e   p i s t o n - l i k e   member   i s   a  p i s t o n .  

21.  The  i n v e n t i o n   as  s e t   f o r t h   in   C l a i m   5  and  w h e r e i n  

s a i d   c o m p e n s a t o r y   r o d   d i a m e t e r   i s   l a r g e r   t h a n   s a i d   p i s t o n  

v a l v e   c o n n e c t i n g   r o d   d i a m e t e r   so  t h a t   s a i d   u n d e s i r a b l e  f o r c e  

i s   o v e r b a l a n c e d   by  t h e   f o r c e   of   s a i d   c o m p e n s a t o r y   r o d   w h e r e -  

by  t h e   f e e d b a c k   f u e l   f l o w   r e s t r i c t i o n  c o n t r o l   a c t s   to   e n r i c h  

t h e   f u e l   a i r   m i x t u r e   a t   low  v a l u e s   o f . 4  P a .  

22.  The  i n v e n t i o n   as  s e t   f o r t h   in   C l a i m   14  and  w h e r e i n  

t h e   a c c u m u l a t o r   d o e s   n o t   a c c u m u l a t e   v o l u m e   of  f u e l   b e l o w   a  

s e t   min imum  f u e l   p r e s s u r e   and  a c c u m u l a t e s   and  d i s c h a r g e s  

f u e l   v o l u m e   r e a d i l y   a b o v e   s a i d   min imum  p r e s s u r e .  

23.  The  i n v e n t i o n   as  s e t   f o r t h   in   C l a i m   2  and  w h e r e i n  

t h e   f u e l   d i s c h a r g e   p a s s a g e   i s   a l s o   c o n n e c t e d   to   t h e   a i r   f l o w  

d i r e c t l y   d o w n s t r e a m   of  s a i d   v a r i a b l e   a r e a   a i r   f l o w   o r i f i c e .  

24.  The  i n v e n t i o n   as  s e t   f o r t h   in   C l a i m   23  and  w h e r e i n  

t h e   v a r i a b l e   a r e a   a i r   f l o w   o r i f i c e   i s   a  p i v o t i n g   v a l v e   a n d  

t h e   f u e l   i s   i n t r o d u c e d   i n t o   t h e   h i g h   v e l o c i t y   s t r e a m   d i r e c t -  

ly   d o w n s t r e a m   of  s a i d   v a l v e .  

25.  The  i n v e n t i o n   as  s e t   f o r t h   in   C l a i m   24  and  w h e r e i n  

t h e   f u e l   i s   i n t r o d u c e d   i n t o   t h e   a i r   f l o w   d i r e c t l y   d o w n s t r e a m  

of  t h e   p i v o t i n g   v a l v e   t h r o u g h   a  p l u r a l i t y   of  o p e n i n g s   so  a s  

to   be  p r o g r e s s i v e l y   o p e n e d   to  t h e   d o w n s t r e a m   s i d e   of  s a i d  

v a l v e   as  t h e   v a l v e   i s   p i v o t a l l y   o p e n e d .  

26.  The  i n v e n t i o n   as  s e t   f o r t h   in   C l a i m   25  and  w h e r e i n  

a t   l e a s t   one  o p e n i n g   i s   a l w a y s   e x p o s e d   to  t h e   d o w n s t r e a m   a i r  

f l o w .  

27.  The  i n v e n t i o n   as  s e t   f o r t h   in   C l a i m   8  and  w h e r e i n  

t h e   v a r i a b l e   a r e a   f u e l   f l o w   o r i f i c e   i s   a  r o t a r y   p l u g   v a l v e  

and  c o m p r i s e s   a  c y l i n d r i c a l   s l e e v e   a p e r t u r e d   to   c o o p e r a t e  



w i t h   a  r o t a t a b l e   p l u g   h a v i n g   a  r e c t a n g u l a r   c u t o u t   p o r t i o n  

r e g i s t e r i n g   w i t h   t h e   o p e n i n g   in  s a i d   s l e e v e   to  c o n t r o l   f u e l  

f l o w   and  f u r t h e r   w h e r e i n   t he   r e l a t i o n s h i p   of  t he   s l e e v e   a p e r -  

t u r e   w i t h   r e s p e c t   to   t he   p l u g   c u t o u t   p o r t i o n   has   a  g e o m e t r i c -  

a l l y   p r o j e c t e d   a r e a   of  o p e n i n g   r e s p o n d i n g   to  t h e   e q u a t i o n  

a n d   i s   t h e   a n g l e   of  r e l a t i v e   r o t a t i o n   f o r   t h e  

v a l v e .  

28.  The  i n v e n t i o n   as  s e t   f o r t h   in  C l a i m   2  and  w h e r e i n  

means   a r e   p r o v i d e d   to  move  the   p i s t o n   v a l v e   to  c l o s e   o f f   t h e  

f u e l   d i s c h a r g e   p a s s a g e   whe re   t he   p r e s s u r e   in  t h e   f i r s t   p a s -  

s a g e   f a l l s   b e l o w   a  s p e c i f i c   l e v e l   t h e r e b y   e l i m i n a t i n g   f u e l  

e v a p o r a t i v e   e m i s s i o n s .  

29.  The  i n v e n t i o n   as  s e t   f o r t h   in   C l a i m   1  and  w h e r e i n  

t he   two  o r i f i c e   in  s e r i e s   a i r - f l o w   s y s t e m   is   a r r a n g e d   w i t h  

an  u p s t r e a m   o r i f i c e   c o n n e c t i n g   to  an  i n t e r m e d i a t e   c h a m b e r  

f l o w   p a s s a g e   s h a p e d   so  t h a t   a  f r a c t i o n   of  t h e   maximum  p r e s -  

s u r e   d r o p   a c r o s s   s a i d   u p s t r e a m   o r i f i c e   i s   r e c o v e r e d   in  s a i d  

f low  p a s s a g e   so  t h a t   the   s t a g n a t i o n   p r e s s u r e   of  t he   a i r   d i -  

r e c t l y   u p s t r e a m   of  t he   d o w n s t r e a m   o r i f i c e   i s   a t   a  p r e s s u r e  

s i g n i f i c a n t l y   h i g h e r   t h a n   the   min imum  s t a t i c   p r e s s u r e   d o w n -  

s t r e a m   of  s a i d   u p s t r e a m   o r i f i c e   in  s a i d   p a s s a g e   due  to  t h e  

p r e s s u r e   r e c o v e r y   of  s a i d   i n t e r m e d i a t e   c h a m b e r   f l ow  p a s s a g e  

and  w h e r e   t h e   a i r   p r e s s u r e   b a l a n c i n g   s y s t e m   w i t h   one  s i d e   o f  

s a i d   b a l a n c i n g   s y s t e m   at   u p s t r e a m   c h a m b e r   p r e s s u r e   has   c o n -  

n e c t i o n s   w i t h   s a i d   i n t e r m e d i a t e   c h a m b e r   f l ow  p a s s a g e   so  t h a t  

the   o t h e r   s i d e   of  s a i d   b a l a n c i n g   s y s t e m   is   a t   a  p r e s s u r e   l e s s  

t h a n   t he   s t a g n a t i o n   p r e s s u r e   d i r e c t l y   u p s t r e a m   of  s a i d   d o w n -  

s t r e a m   o r i f i c e .  

30.  The  i n v e n t i o n   as  s t a t e d   in  C l a i m   29  and  w h e r e i n   c o n -  

n e c t i o n s   b e t w e e n   s a i d   a i r   b a l a n c i n g   s y s t e m   and  s a i d   p r e s s u r e  

r e c o v e r i n g   i n t e r m e d i a t e   c h a m b e r   f l o w   p a s s a g e   a r e   a r r a n g e d   s o  

t h a t   t he   d i f f e r e n c e   b e t w e e n   u p s t r e a m   c h a m b e r   p r e s s u r e   a n d  

s t a g n a t i o n   p r e s s u r e   d i r e c t l y   u p s t r e a m   of  t h e   d o w n s t r e a m  



o r i f i c e   i s   a p p r o x i m a t e l y   one  h a l f   of   t h e   p r e s s u r e   d i f f e r e n c e  

a c r o s s   s a i d   a i r   p r e s s u r e   b a l a n c i n g   s y s t e m .  
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